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Foreword 

Welcome to Lewis Research Center and to this Conference on New Tech
nology. We are pleased that you are here, and will endeavor to make 
your stay interesting and useful. 

The vehicles and spacecraft launched from Florida are the visible results 
of our Nation's space effort. Less evident is the body of technology that 
makes these and future flights possible. Almost half of NASA's 30,000 
employees are among those creating this technology. 

Selected topics from this technology are presented in this conference for 
your review; we believe that you will find much of it adaptable to your use. 

ABE SILVERSTEIN, 

Director. 
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Page Int ntionally Left Blank 



Contents 

PAGE 

INTRODUCTION 
Walter T . Olson_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 

I. FABRICATION 

Austin F. Reader, Edward F. Baehr, Walter E. Russell , and George 
Tulisiak ____ ___ _________ ____________________________________ 5 I 

II. MATERIALS 
S. S. Manson, G. Mervin Ault , Jack B. Esgar, Robert W. Hall, 
and John L. Shannon, Jr. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 33 / 

III. ELECTRIC POWER GENERATION 
Newell D . Sanders, James F. Morris, Lester D . ichols, Andrew E. 
Potter, Jr. , Harvey J. Schwartz, a nd Warner L. StewarL ________ __ _ 65 

IV. SURVEY PAPERS 
a . LUBRICATIO IN D IFFICULT E VIRONME TS 

William J . Anderson ____ _______ ___ ________ ___________ ___ 91 
b . LIQUID-METAL T ECHNOLOGY 

Louis Rosenblum _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 97 

c. CRYOGENIC ADS P ER 0 DUCTING DEVICES 
Edmund E. Callaghan _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 105 

d. ION A D PLASMA TECHNOLOGY 
Warren D. Rayle __ ___ ___ ___ ____________________________ 113 I 

V. I STRUME TATIO FOR MEASUREME T AND CONTROL 
John C. Sanders, Clarence C. Gettelman, Isidore Warshawsky, I 
and Kirby W. HilleL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 119 

VI. INFORMATION SOURCES 
James J. Modarell i _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 145 

APPE DIX- CO FERE CE SCENES ____ ___________________ 151 

v 



I 
I 
I 
I 
I 

[ 

Introduction 

WALTER T. OLSON 

Lewis Research Center 

I T IS MY INTENTION to give you some of 
the background and setting for this confer
ence and to tell you briefly what will be 
presented. Because we are at the Lewis 
Research Center for this conference, I will 
speak briefly about the Center and its work. 
Because the conference fills a part of NASA's 
objective that new knowledge and know-how 
related to aerospace be made available to the 
maximum extent possible, I will relate some 
information concerning NASA's efforts in 
this direction. 

I am assuming that you have a general 
familiarity with the national space program, 
its scientific studies of space phenomena, its 
manned explorations, its applications pro
grams such as weather and communications, 
and the extensive research and development 
both to support present activities and to 
make future programs possible. 

One of 10 major centers of NASA, the 
Lewis Center is currently the second largest 
with a staff of approximately 4800 people, 
1800 of whom are professional engineers 
and scientists. 

Major tasks of the Lewis Center are re
search and advanced technology in propul
sion and power for flight. Physically, the 
Center occupies 350 acres with an auxiliary 
location of 6000 acres at Plum Brook, near 
Sandusky, Ohio. Lewis comprises extensive 
laboratories in many buildings for almost 
every kind of physical, chemical, electrical, 
and metallurgical research. In addition, un
usual tools for propulsion and power tech-

nology include such items as space simu
lation chambers, high-speed wind tunnels 
of various sizes, engine test facilities that 
simulate altitude operation, test stands 
for rockets and components, and radiation 
sources, including a cyclotron and a 60,000-
kilowatt reactor. 

The Lewis Center came into being in 1941 
as an outgrowth of the powerplants group 
at the National Advisory Committee for 
Aeronautics' Langley Research Laboratory, 
established in 1917 as the first research 
laboratory for studying flight in the Nation. 
During World War II, the Lewis Center 
made major contributions to reciprocating 
engine cooling and high octane fuels. The 
period immediately following saw the devel
opment to a high degree of the air-breathing 
turbojet and ramjet engines. Development 
of these engines relied heavily on basic re
sults from compressor, fuels, combustion, 
and turbine research here. Every major 
U.S. engine flying jet aircraft today has been 
put through its paces here to have some item 
or other of Lewis research incorporated into 
it. Early work on liquid-fueled rockets, 
mostly high-energy propellant rockets, par
alleled the air-breathing program and ex
panded'rapidly in 1957. 

Today, the current program of the Center 
is aimed at advancing the technology of 
chemical, nuclear, and electric rockets, and 
of space electric power for a wide spectrum 
of power levels. It includes the background 
research and technology in metallurgy, basic 

1 
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chemistry, fuels, fluid flow, heat transfer, 
electronics, control dynamics, nucleonics, and 
other topics pertinent to these engines and 
pertinent to new and unusual propulsion 
and power generation systems. 

Additional activities include responsibili
ties for development, as operational articles 
of the Centaur launch vehicle, the improved 
Agena launch vehicle, the SNAP-8 power 
system, and the 1,500,000-pound-thrust M-1 
engine. Centaur and M-1 are based on the 
hydrogen-oxygen technology that was pio
neered at Lewis within the last decade; the 
technology of flying liquid hydrogen is vital 
to many of our future missions, notably 
Apollo, while Centaur itself is a vehicle that 
is planned to soft-land instruments on the 
moon. 

For the fiscal year just about to end, Lewis 
will have accounted for about $370 million 
of NASA's budget. About $80 million will 
be used for salaries, operations, and general 
support of in-house projects, including con
struction; the remaining $290 million repre
sents contracted research and development 
work-three-fourths of it in four large proj
ects. 

In presenting this Conference on New 
Technology from Lewis, we are contributing 
to an important NASA program: a deliber
ate effort to disseminate aerospace-related 
technology as widely as practicable and 
appropriate. It is a part of NASA's broad 
responsibility to ensure maximum value 
from national space activities. This partic
ular NASA effort is undertaken, in part, to 
meet a problem: research and development 
activities and their results are large and 
growing larger, but these activities and re
sults are isolated from many users by com
pany, by industry, by geography, and by 
many subtle, but nonetheless powerful, fac
tors, including even psychological ones. For 
example, we hear cries that the Midwest is 
not deeply immersed in the stream of new 
activities based on technology and science. 

Consider money as a criterion of size and 
growth. Research and development expendi
tures have increased more than an order of 

magnitude in each of the last two decades 
and stand now at $17 billion annually. But 
this growth has been largely for defense 
and space not for direct and immediate pur
poses, which now claims only a fourth or 
less of this effort. 

A current national concern is that results 
from these expenditures may not be used 
as widely and effectively as possible in the 
general economy. The tremendous vol ume 
of results pouring from laboratories every
where adds to this concern. I read of enough 
scientific literature published every 24 hours 
to fill 7 complete 24-volume Encyclo
pedia Britannica's. Or, again, that a chemist 
reading the literature of his field all day, 
every day, would fall behind 9 years for 
every year he read. Old-fashioned ways of 
letting nature take its course in the useful 
dissemination of this flood of new informa
tion are inadequate. Knowledge and need 
are separated. Consequently, NASA is test
ing and establishing various new methods 
of speeding and increasing the dissemination 
of aerospace-related technology. 

One method involves identifying and pub
licizing innovations. Both in-house and con
tracted efforts are systematically perused 
for new products or devices, processes or 
techniques, ideas or inventions that might 
have potential usefulness. 

Several research organizations-Battelle, 
Illinois Institute of T~chnology, A. D. Little, 
Southern, Stanford-evaluate the commer
cial or industrial possibilities. Dissemina
tion follows by one or several methods: 
trade journals, special publications, film 
clips, letters, conferences, exhibits, etc. 

In another method, Midwest Research In
stitute has obtained information on hundreds 
of innovations and new technical develop
ments. The task at Midwest has been to 
translate NASA findings into forms that can 
be of direct benefit to industry with a view 
to broadening the range of application of 
these ideas and reducing the time lag to 
their practical use. Their work has involved 
search and study, followed by briefings and 
visits. In just two years, Midwest has con-



I TROD CT.~-:' 3 

tacted thousands of businessmen and engi
neers with briefings in approximately 20 
midwestern cities. Their experience, briefly, 
was that a number of firms that were active 
in aerospace work found profitable applica
tions in the civilian economy: 

(1) Methode, in Chicago, a supplier of 
printed cable to NASA, supplies Buick with 
printed cable for dashboards. 

(2) Thiokol has developed superior print
ing rolls from the polysulfide rubber devel
oped for cast, solid propellants. 

(3) National Research Corporation's %
thousandth-inch aluminum-coated plastic 
film, of which the ECHO satellite is made, is 
also in use as a reflective insulator for very 
low temperature vessels. 

These examples are not surprising. 
Midwest further found, however, that, 

although few nonaerospace firms had any 
notion of how to put space technology to use, 
enthusiastic responses to briefings were re
ceived from hundreds of companies. Most 
important, Midwest cites many examples of 
how nonaerospace companies have put space 
technology to profitable use after deliberate 
contact had been established: 

(1) A Springfield, Illinois, firm uses mag
netic swaging as the best way to fasten 
terminals onto a low-impedance coaxial cable 
without damaging the thin insulating sheath. 

(2) A midwestern manufacturer of tran
sistors isolates his delicate microbalances 
from vibrations with air-bearing suspension. 

(3) Air bearings eliminated a long-stand
ing bearing contamination problem in a 
large machine for a Kansas firm. 

(4) One of the largest oil-prospecting 
companies in the nation virtually eliminated 
soldered-connector troubles in its field equip
ment by using the NASA-Marshall booklet 
and training course on Reliable Electrical 
Connections. 

(5) Sintered aluminum oxide ceramic, 
developed for rocket nozzles, is used for 
special check valves and special resistor 
cores. 

(6) Refractory, pressure-sensitive tape 
has been used as a backup to permit continu-

J 
ous single-pass welds on thin-walled rocket 
tanks. A Tulsa producer of pressure vessels 
finds that the technique saved both labor and 
money and produced better welds. 

(7) Another company estimates a $2 mil
lion capital saving by using explosive form
ing to make large dished tank heads. Ex
plosive forming is not a new process but was 
little used in this country until the aerospace 
industry developed it. 

A third method by which NASA diffuses 
aerospace technology enlists a vital ingredi
ent--"pull" from industry for new technical 
information, as well as "push" from NASA. 
At Indiana University about 30 client com
panies pay an annual fee for a service from 
a branch of the university. The service con
sists of selecting and "translating" aerospace 
literature. Indiana has all this literature on 
tapes. Two important activities are: First, 
it supplies a searched and sorted sample 
from all aerospace literature to the client. 
They work with the client to establish an 
interest profile, so that selective dissemina
tion of literature results. And, second, Indi
ana will try to answer any technical query, 
first, from the literature, and, that failing, 
by knowledgeable consulting at a NASA 
center. 

(1) One client says, "this may be a proto
type of a future information system. The 
information explosion is rendering tradi
tional channels of science obsolete." 

(2) Indiana University has helped one 
company learn of certain new testing meth
ods for thin-gage sheet metal. 

(3) Another client found one innovation 
that may lead to a major change in the cir
cuitry of one of their inspection instruments 
and greatly enhance its value. 

(4) A small manufacturer of plumbing 
and heating specialities will try to introduce 
a new welding process from aerospace to 
improve his product and save parts and 
cost. 

(5) Another small manufacturer won a 
contract with information on high-purity 
helium produced in 48 hours. He knew of 
no other way to get an answer so fast. 
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(6) Efforts similar to those at Indiana 

are underway in Detroit and just starting 
in Pittsburgh. 

Throughout all of this NASA program, it 
is very evident that direct transfers of proc
esses, materials, products, and techniques 
have been and can be effected. An impres
sively growing list of examples can be cited 
-so-called spinoff and fallout. 

Also apparent is the impetus given to the 
growth of certain main bodies of technology 
in the country by aerospace activities. Wit
ness the growth and direction of growth of 
the electronics industry, with computers and 
knowledge of systems control and all that 
they are coming to mean in automation; the 
use of miniaturized electronics in the med
ical field; and such new areas of chemical 
investigation as free radicals at cryogenic 
temperatures, boron chemistry, and fluorine 
chemistry-all urged along by the search for 
better rocket propellants. 

The aerospace program involves almost 
every area of engineering or physical science 
in some way and many areas in life sciences 
as well. It both uses and creates knowledge 
and skill at their frontier. If history conveys 
a lesson, the biggest rewards that lie in the 
foreseen and unpredictable at this time. The 

important first step to the use of new tech
nology is to determine what it is. This con
ference has just that goal. In a sense, it is 
still another method by which NASA is try
ing to fulfill its responsibility to disseminate 
new technology. In another sense, it is a 
report on NASA's stewardship of funds and 
manpower in at least one corner of the aero
space program. 

The scope of what will be presented is 
derived from the particular problems and 
interests of this Center-a center oriented 
to propulsion and power research and devel
opment. Also, an effort was made to select 
topics with some relatedness to the kinds of 
activity in northeastern Ohio: fabrication, 
metals and materials, power, bearings and 
lubricants, instruments and controls, and 
with a few newer topics: liquid metals, 
superconductivity, and ion and plasma tech
nology. 

We hope to describe these few selected 
areas from the world of aerospace so as to 
make evident the type and extent of accom
plishment in them, important new contribu
tions or trends, and the prospects and limita
tions for f uture growth. We invite your 
further examination of whatever appears 
important to you. 

__ ~J 



I. Fabrication 
N64 

AUSTIN F. READER, EDWARD F. BAEHR, 
WALTER E. RUSSELL, AND GEORGE TULISIAK 

32'168 

Lewis Research Center 

SOME OF THE FABRICATION techniques 
and equipment utilized by the NASA Lewis 
Research Center, other NASA centers, the 
Department of Defense, and the aerospace 
industry in solving the problems generated 
by the exact and demanding field of space
age hardware manufacture are described. 

The Lewis Research Center was originally 
the Aircraft Engine Research Laboratory of 
the former National Advisory Committee 
for Aeronautics. Since its beginning in 1941, 
Lewis has been involved with engines and 
propulsion devices ranging from the gasoline 
reciprocating engine through the jet era of 
turbojets, gas turbines, and ramjet engines, 
the chemical rocket engines, both liquid and 
solid, to the nuclear rocket and the electric 
thrustors such as the ion and the plasma jet. 
The electric thrustors require huge amounts 
of electric power, and power-generation 
equipment for space is a major fabrication 
problem area. 

In the reciprocating engine days, the 
major fabrication problems were fine finishes 
and close tolerances, and both were within 
reach by slight extensions of existing tech
niques and equipment. The jet and turbine 
era brought with it high rotational speeds 
and high temperatures. Since high tempera
tures in the gas stream yielded high specific 
thrust, heat-resistant materials for combus
tion chambers, nozzles, and turbines were 
developed. These materials required new 
concepts of joining, machining, and form
ing, and fabrication became more difficult. 

With the beginning of the space age, how
ever, those in fabrication became sure that 
previously, men in research and engineering 
had only been difficult; they then said, "Why 
be difficult? With just a little more effort 
we can be impossible." 

Saying that the space-age fabrication 
problems arise because of requests to build 
things from unmachinable, unweldable, and 
inflexible materials to impossible shapes, fin
ishes, and tolerances is only a little facetious. 
Seriously, progressively more difficult fabri
cation problems have been generated by this 
transition from Kitty Hawk to the Moon. 

The research centers and the aerospace in
dustry are faced with very severe design 
and fabrication challenges brought about by 
the requirement of 100 percent reliability of 
its product in both safety and operation for 
the time required to complete the mission, 
which could range from minutes to years. 

This finished product may contain such 
incompatible elements as liquid fluorine, 
liquid hydrogen, liquid metals, and radiation 
sources. It must operate perfectly in the hos
tile environment of space, which includes ex
tremely high and low temperature, vaccum, 
vibration, radiation, and gravity forces. It 
must also provide a safe and livable environ
ment for man. The conditions mentioned 

\ 

restrict the selection of materials to those 
few that can meet the performance require
ments with small regard given for fabrica
tion difficulty. 

The challenge to inventive engineering, 

.5 



6 CONFERENCE ON EW TECHNOLOGY 

preCISIOn craftsmanship, and versatile tool
ing is constant. A part must often be made 
that has never been made before; also, the 
machine or technique required may be non
existent. These problems are the ones con
nected with doing prototype, one-of-a-kind 
jobs. Once the design is established, a set of 
specifications, including a suggested fabrica
tion technique, can be written, and the job 
goes to industry by contract. A large per
centage of the Lewis fabrication workload is 
handled by industry. 

Through the years there has been a 
steady crossfl.ow of information between 
industry and aircraft research and develop
ment in the fabrication field. Since the era 
of space exploration, this crossftow may have 
become too much one way. With the huge 
increase of the requirements of space, aero
space fabricators and manufacturers have 
had to find, develop, and use many processes 
that may be unfamiliar to many in more 
traditional industries. 

Because of the heavily industrialized area 
of northeastern Ohio, we are sad to see so 
much of the Lewis work going to east- or 
west-coast aerospace industry for the lack 
of successful bidders in this area. This hap
pens many times because of a lack of some 
equipment such as a helium-leak detector or 
electric-discharge machining equipment or a 
fear of the unfamiliar materials, processes, 
tolerances, or finishes required. 

Other factors that may enter into this 
problem are either the lack of interest and 
initiatbe by the contractor in a job when 
any part of the job fails to match his exact 
capabilities or the lack of a central informa
tion center on special skills, materials, or 
equipment available in this area, which 
would enable one bidder to act as prime 
contractor and to subcontract the special 
work to others. Many jobs leave this area 
when a contractor well qualified to handle 
95 percent of the job refuses to bid because 
of the 5 percent part of unknown materials 
or special processes. One requirement, for 
example, called for a conventional machin
ing and assembly job consisting of materials 

.such as molybdenum, tantalum, stainless 
steel, microquartz, Magnorite K firebrick, 
Mycalex, aluminum oxide, zirconium, mag
nesium oxide, and zirconium oxide. All these 
materials are available, and sources were 
listed in the specifications. Out of 30 con
tractors to whom "Invitation For Bids" were 
sent, only two responded, one from the East 
coast and one from the West coast. Both 
bidders were close to the Lewis estimate. 

Forty-three "Invitation For Bids" on serv
ice and materials to fabricate, to machine, 
and to test-assemble two snout assemblies of 
aluminum for the Plum Brook reactor were 
issued. Only three contractors responded. 
Inquiry to several of the nonbidders indi
cated that the request was turned down be
cause of the difficulty of drilling three blind 
thermocouple holes at an exact angle and 
spacing from the inside of a 71h -inch-di
ameter tube at a point 103 inches from the 
end. This is not an easy job, but it does not 
require too much imagination to devise a 
drilling fixture to accomplish the work. 

For several years, practically no vacuum 
work was done by local contractors because 
no vacuum testing facilities were available 
even in the testing laboratories, although the 
equipment is relatively inexpensive. This sit
uation has changed greatly in recent months. 
These examples show that management as 
well as technical problems exist in this space 
business. 

Three basic areas of fabrication familiar 
to all are discussed: forming, machining, 
and joining. The discussion of a few new 
processes and their application, along with 
the application and extension of many well
established processes will help in an evalua
tion of some of these techniques for possible 
application in other fields. 

The ideal material, on the basis of per
formance requirements, always seems to 
have the characteristic of being difficult in 
either forming, machining, or joining. 

MATERIALS 
Research metallurgists are not just turn

ing out impossible-to-fabricate alloys. A 
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great deal of effort is actually going into 
designing alloys with improved fabrication 
characteristics. There is a limit to what they 
can be expected to do in this respect; these 
improvements in fabricability usually result 
in a compromise in the properties of the 
alloy. 

In fabrication there is definite progress in 
new techniques that will give the designer 
added freedom in both material selection 
and design. Certainly, a lot of the progress 
has been with the so-called refractory met
als-those seemingly unmachinable, unweld
able materials-but as ways of working these 
refractory metals are developed, these same 
techniques and methods help in the more 
efficient use of other alloys like aluminum 
and steel. 

Most commonly, refractory materials are 
defined as those with a melting point 
above 3300° F. There are 12 metals in this 
category, but the principal ones are tung
sten, tantalum, molybdenum, and columbium. 
Some of their properties are shown in the 
following table: 

---

Melting Availability, 

will be reduced. The pure refractory metals 
are also dense or heavy. Columbium, how
ever, compares favorably with iron or copper 
in this respect. All four have usable strength 
at 2000° F, pure tungsten and molybdenum 
being much stronger than pure columbium 
or tantalum. 

As is usually the case, the strongest metals 
and alloys are the most difficult to fabricate, 
and this is certainly the case with these four 
metals. Tungsten and molybdenum possess 
certain characteristics that make them much 
more troublesome during fabrication. Tung
sten and molybdenum can be grouped be
cause they both must be formed at elevated 
temperatures to prevent them from crack
ing. They both oxidize rapidly above 800° F. 
This limitation is serious during both the 
fabrication and the actual use of these 
metals. 

Most metals start to oxidize in this range, 
but if the oxides that form on the surface 
are dense and adherent, they protect the 
metal from further rapid loss. With these 
refractory metals, the oxides are not dense 

Room-
Price ])ensit~" Tensile temperature 

:\1ateria l temperature, ppm of (powder) , gl ee strength a t elastic 
of Earth's crust dollars l ib 2000° F , psi modulus, psi 

Tungsten _______ 6170 69.0 3 . 10 19.3 60,000 50 X 10· 
Ta ntalum ______ 5425 2. 1 31.50 16 .6 15,000 27 
Molybtlenum ____ 4730 15 .0 3.65 10.2 30,000 47 
Columbium _____ 4474 24.0 36.00 .6 15,000 15 
Carbon _________ 6740 ---------- ---------- ---------- ---------- ----------
Lead ___________ 

---------- ---------- ---------- 11.4 ---------- ----------
lron ___________ 2790 50,000 
Copper ________ . 1981 70 
Aluminum ______ 1220 81,300 

With their high melting points, they can 
be used at temperatures far above the melt
ing points of our common metals. The re
fractory metals in parts per million of the 
Earth's crust are not particularly rare; tung
sten, for example, compares favorably with 
copper. Presently they cost from 10 to 100 
times as much as iron and copper, but as 
their application is extended, these prices 

.03 7.9 ---------- 2 .5 

.31 9. 0 ----- - ---- 16 

.24 2.7 ---------- 9 

and adherent; in fact, they boil off to expose 
more metal to oxidation until the piece is 
completely gone. 

If there is any ductility at all in the tung
sten or molybdenum before it is welded, it is 
gone after welding. In many cases the solidi
fication stresses are enough to crack the 
piece before the welding can be completed. 

Tantalum and columbium, on the other 
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hand, can be worked readily at room tem
perature. This is an advantage during the 
fabrication, but during actual use at elevated 
temperatures even small percentages of oxy
gen, nitrogen, and hydrogen must be kept 
away from them. Not only do they oxidize, 
but also these gases diffuse into them very 
rapidly and seriously embrittle them. For 
some applications, these gases are not pres
ent, for example, in the vacuum of outer 
space, but in order to extend the applications 
of these metals, their oxidation resistance 
must be improved by alloying or by protect
ing them with reliable coatings. 

If columbium or tantalum is welded in 
carefully controlled atmospheres, the welds 
are very ductile. No matter how carefully 
tungsten or molybdenum is welded, the weld 
is brittle. Working with tantalum and 
columbium is clearly preferable. 

Research with columbium and tantalum 
is designed to increase their strength and 
oxidation resistance and, at the same time, 
to retain these favorable forming and weld
ing characteristics. 

M ETAL FORMING 
High-E nergy-R ate Forming 

The old reliable processes of metal form
ing are being adapted to handle many of the 
newer requirements, but the high-energy
rate forming methods that are being devel
oped and refined will probably play an ever
increasing role in the future. Most of these 

FIGURE I- l.- Pneumatic mechanical forming. 

high-energy-rate forming processes are not 
really new, however, but rather the range of 
applications has only broadened to make 
them important. Explosive engraving was 
used as far back as 1888. Even the heavy 
steel domes for the pill boxes of the Maginot 
Line in France were explosively formed . 

Four of the high-energy-rate forming 
methods are as follows: 

(1 ) Pneumatic mechanical 
(2) Explosive 
(3) Electrospark or electrohydraulic 
( 4) Magnetic 

The pneumatic-mechanical process employs 
the sudden release of the stored energy 
of a high-pressure gas, which makes pos
sible forming rates up to about 10 times as 
fast as a typical press. Early systems em
ployed tension or shear failure of restraining 
members to provide the sudden release of the 
work piston. Figure 1-1 shows a trigger
gas system that opens an internal valve 
within the cylinder to provide the rapid 
application of the stored gas pressure to 
accelerate the work piston. This type of 
equipment is frequently used for high-speed 
forging and extruding operations. This 
speed is especially useful for working the 
refractory metals in that the forming pro
cess is so rapid that a preheated part is 
formed before it has a chance to cool. 

The next three processes listed are 
much faster than the pneumatic-mechanical 
method and make use of explosives or the 
sudden release of stored electrical energy 
that occurs with explosivelike speed. 

EXPLOSiVE Ct1ARGE .... ,\ 

\ 

''- DIE 

FIG URE I- 2.- Explosive forming. 

,- TO 
, VA CUUM 
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The typical explosive forming setup re
quires a remote field without close and par
ticular neighbors, a tank of water, an inex
pensive die, a vacuum pump, and some 
explosive. The remote location is required 
because of the shock and noise that accom
pany the firing of the explosive charge. In 
the typical part formed explosively (see 
fig. 1-2), unique differences occur from one 
formed by conventional press forming. Be
cause no male die is used, no friction re
stricts the flow of metal, and because the 
energy of the explosive charge is delivered 
to the entire face of the work-piece at the 
detonation velocity of the explosive and 
water system, the entire part is formed at 
one time; this reduces to a great extent local 
thinning that occurs in conventional forming 
and almost eliminates springback. 

The electrospark or vaporizing-wire method 
uses the same principle as the explosive 
method, except that the energy is electrically 
stored in condensors and is released to form 
a shock wave in the fluid either by discharg
ing a spark or by vaporizing a wire suddenly 
(fig. 1-3). These methods make it possible 
to move the process into the plant and to re
duce the cost to just a few cents per hundred 
shots. The exploding-wire method costs a 
little more than the spark-discharge method 
because of the cost of the wire and the labor' 
required to replace it after each shot, but it 
does offer the advantage of being able to 
shape the workpiece into a particular con-

UQUIO-

IN ITIATION 
WIRE , 

FIGURE 1-3.- Electric-spark forming. 

/ WORKPIECE 

) 

FIGURE I-4.-Magnetic forming. 
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tour to provide a tailoring of energy released 
in a given area. 

The electromagnetic process also uses elec
trical energy stored in large capacitors, but 
in this case the rush of current is used to 
generate an intense magnetic field (fig. 1-4). 
This sudden intense magnetic field induces 
current in the surface of any conductor 
within its field. If the material is a good 
conductor, such as copper or aluminum, the 
induced surface currents create an opposing 
magnetic field that can result in mechanical 
forces as high as 50,000 pounds per square 
inch. 

Metals other than good conductors can be 
copper plated or wrapped with aluminum 
foil to act as a driver sheet. In figure 1-4 
the external coil creates a collapsing force, 
but coils can be designed to be placed within 
the workpiece to provide expanding forces, 
or flat coils can be designed to produce a 
straight push against a surface. Again, oper
ating costs are low because of the low-cost 
energy source; dies are usually cheap and 
sometimes are not needed at all. The repeat
ability of this process is excellent because of 
the ability to store and release a precise 
amount of electrical energy from the capaci
tors. These processes are not used to extend 
conventional processes, but their use is grow
ing rapidly. Many of these processes have 
been available for many years, but it has 
been the unique needs of the space-age hard
ware that has spurred the rapid development 
of the know-how required to apply these 
processes to useful tasks. In addition to the 
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FIGURE I-5.- Explosively formed a luminum dome. (Cour
tesy Martin Co., Denver, Colo.) 

FIGUHE I-6.- Explosively formed F- l exhaust nozzle. 
(Courtesy Rocketdyne.) 

INITIATION WIRE 
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+ 

FIGUHE 1- 7.- Electrohydraulic bonding. 

unique capabilities that these processes offer, 
another advantage is the very low capital 
investment required to form large parts and 
the low-cost dies that can be used. In many 
cases the dies can be made of low-melting 
cast alloys or cast iron; sometimes even 
epoxy-faced concrete has been used. 

A large dome formed by the Martin Com
pany is a good example of this method (fig. 
1-5). This dome, 10 feet in diameter, was 
formed from a high-strength aluminum alloy 
plate by the explosive forming process. In 
the background is the large pit of water that 
was used; this material is 3/1. inch thick and 
required three blows to form it into the 
required shape. Because of the low-cost die 
and explosive charges, it was possible to 
build it in one piece and to avoid problems 
of welding it from segments. 

In figure 1-6 is a turbine-exhaust collector 
formed by Rocketdyne of North American 
Aviation by the electrospark process. A 
water tank is in the background. This col
lector was made from high-strength nickel
base alloy that springs back excessively when 
formed by conventional processes; with the 
electrospark process, however, the spring
back is reduced to an acceptable level. 

Battelle Memorial Institute, Columbus, 
Ohio, is also working on explosive forming 
techniques. A refractory metal liner being 
formed in a steel tube with the electrospark 
process, for example, is shown in figure 1-7; 
they are not only forming but actually bond
ing or welding the two surfaces together. 
Usually the inner surface of the steel tube is 
roughened in some manner such as blasting 
or grooving. The electrohydraulic reaction 
then forces the liner against the roughened 
surface of the steel tube. In this manner, a 
bonding or cladding of the surfaces takes 
place. Battelle is also producing parts from 
powders compacted by this method. 

The electrospark wire wrapped around a 
green powder compact is shown schemat
ically in figure I-S. The electrohydraulic 
reaction results in a piece with very high 
density. 

The next process worth discussing further 
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FI (; HE I-H.- Electrohydraulic compaction. 

is magnetic forming. The NASA Marshall 
Space Flight Center, Huntsville, Alabama, 
is working extensively with this process. 
They are forming stiffener corrugations in 
a large thin-wall aluminum fuel duct. The 
part shown in figure 1-9 is a Saturn V 
vehicle component, a portion of the fuel duct 
with the corrugation already formed. On the 
right is the magnetic coil that was inserted 
into the aluminum cylinder. When the coil 
was energized, its magnetic field moved the 
aluminum to conform with the forces pro
duced by this field . The extent of metal 
movement is determined only by the energy 
input into the coil. This input can be con
trolled very precisely. In an application such 
as this, the power of the magnetic coil could 
actually pull the cylinder apart in the cor
ru gated area. Figure 1-10 shows a full-scale 
field application of the fuel ducts. There are 
18 corrugations in the vertical section. The 
magnetic forming technique is ideal for this 
part. 

An adaptation of the use of magnetic 
fields to remove welding distortions pro
duced in Saturn V tank segments is shown 
in figure 1-11. This tool, called a magnetic 
hammer, produces a flat field, which removes 
irregularities in the weld surface of the tank. 

A number of fastening devices formed 
magnetically are shown in figure 1-12. In 
the two upper left views are hexagonal
head, serrated-shank fasteners, each slipped 
through a block of metal. A sleeve is slipped 
over the serrated shank and is magnetically 

distorted and formed onto the serrations. 
In the lower right cutout view is a similar 
application. The sleeve material has actually 
moved into the thread area of the bolt. The 
mass-production potential of this technique 
is considerable. General Motors is using this 
method for attaching end fittings on hydrau
lic power steering hoses. 

High-Temperature Forming 

The processes discussed so far are usually 
performed at room temperature, but by add
ing ingenuity and a little heat even the 
refractory metals such as tungsten and mo
lybdenum can be worked on conventional 
machines. For example, an order to fabri
cate a heat exchanger with 1J2-inch-diameter, 
24-inch-long tungsten tubes was received. At 
the time these items were not available any
where. After considerable experimentation, 
a standard roll former was modified (fig. 
1-13) and successfully used to make the 
tubes. The tungsten sheet was fed through 
the rolls hot enough to be ductile; the heat 
was maintained by the flame jets. After 
forming, the tubes were pickled to remove 
oxidation and were welded in an automatic 
welder under an argon shield. 

A standard hydraulic press brake was 
also altered by installing heating jets in the 
center of a modified lower die set. This lower 
die can be air- or water-cooled as required 

FI(; HE I- H.-Magneti cally form ed duet. Laboratory 
made. (M arsha ll Hpace Flight Center.) 
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FIGURE I-lO.-Magnetically formed duct. Field made. 
(Marshall pace F light Center.) 

FIGURE I-Il.-Magnetic hammer. (Marshall Space 
F light Center. ) 

FIGURE I-I3.-Hot forming of tungsten tube. 

FIGURE I-14.-Hot cylinder forming of tungsten on heated 
brake. 

FIGURE I- I2.-Magnetically formed fasteners. (Marshall , FIGURE I- 15.-Argon atmosphere room. (Courtesy Un i-
pace Flight Center.) versal Cyclops Corp.) 
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to maintain its strength while the jets heat 
the refractory metal to sufficient tempera
ture to obtain the necessary ductility. The 
metal shown in figure 1-14 is in the process 
of being formed into a cylinder. 

These examples illustrate how conven
tional equipment can be modified to do re
fractory metal work, but a facility that 
Universal Cyclops has for refractory metal 
work, which they operate for the Navy, is 
a complete room in which they maintain an 
inert atmosphere (fig. 1-15). All the air 
with its harmful oxygen, nitrogen, and other 
gases is replaced with argon. This inert gas 
will not affect any metal at any temperature 
in any way. They have a high-temperature 
electric furnace, a rolling mill, and forming 
equipment completely within the room. 
Technicians and welders working in this 
room must carry their own oxygen supply, 
and they even carry equipment to store their 
exhaled air (fig. 1-16). 

Metal Deposition 

Two problems associated with making 
refractory metal shapes have been empha
sized: the hot-forming problem and the 
welding problem. Tungsten and molyb
denum are extremely brittle after welding. 
There are some processes that can build 

FIGUHE I- 16.- Technician in suit in argon atmospherp
room. (Courtesy Universal Cyclops Corp.) 

up these metals directly into the required 
shapes. 

Plasma spraying is one such process (see 
fig. 1-17). Plasma torches developed during 
the past 5 years utilize an electric arc to heat 
a stream of inert gas. The electric arc is 
contained within a water-cooled tube into 
which the gas is injected. The gas gains 
energy from the arc and issues from the unit 
much like a welding flame. By continually 
adding electrical energy, gas temperatures 
as high as 50,000° F can be achieved. These 
temperatures are in contrast to the oxygen
acetylene flame temperature of 6200° F. 
Metal powders such as tungsten and molyb
denum can be injected into the nozzle by a 
carrier gas, melted, and spray-deposited on 
the prepared form. Removing the form later 
leaves the desired refractory metal shape. 
The very high temperature of this plasma 
torch also makes it useful for machining 
and cutting jobs. In these applications, the 
extreme temperature makes it possible to 
melt and blast away any material with 
much less heat effect on the remaining part 
than is possible with conventional torches. 

Another so-called buildup process that is 
finding considerable application is the vapor
phase plating process (see fig. 1-18). Almost 
any metal, including tungsten and molyb
denum, can be converted into a metal com
pound, such as a fluoride. At relatively low 
temperatures, usually less than 500 0 F, this 
compound is vaporized and introduced into 
the deposition chamber. It is mixed with 

ELECTRODE ... 
METAL POWOER IN 
CARRIER GAS 

COOLANT AND 
[}-C POWER 

FIGUHE I-l7.- Plasma spraying. 
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hydrogen, which reduces the metal vapor to 
the pure metal. The reduced metal deposits 
and builds up in thickness on the heated 
form, which is later removed from the 
formed metal piece. 

Both of these buildup processes that have 
been discussed have numerous applications. 
The purpose for their continued develop
ment, though, is to produce deposits of 
higher density, that is, the absence of any 
small voids, and also to obtain better strength 
properties in the deposits. 

METAL 
COMPOUND~ 

HYDROGEN GAS 

VAPOR ii3CS::t:=~;ej 

DEP OSITED 
METAL--

INTERNAL 
FORM -~ _ 

F IGU RE I- l S.- Vapor-phase forming . 

-----

Still another process for building up 
shapes is electroforming. This is really an 
electroplating process that is used for build
ing up the surfaces of parts that have com
plicated internal surfaces and cavities. Very 
fine tolerances and high finishes (;an be ob
tained with this method. Figure 1-19 shows 
how heavy layers can be deposited over a 
machined mandrel. The mandrel material 
may be chosen to f acilitate its later removal. 
The only requirements are that the mandrel 
surface be conductive and be compatible 
with the plating solution. 

- ELECTROLYTE 

F I GU RE 1- 19.-Elect roforming. 

A wind-tunnel nozzle formed in this man
ner is shown in figure 1-20. This drawing 
shows the normal segmented construction in 
the top portion of the figure and the one
piece electroformed construction in the lower 
portion. The nozzle is about 16 feet long. It 
could not be machined to close tolerances 
and finishes in one piece. One-piece construc
tion of these nozzles adds to their operating 
efficiency through increased heat-transfer 
capability. The electroforming process pro
vided this advantage. 

The material properties that might be 
obtained with this type of process are shown, 
t o a certain extent, in the following table 
(data from Electroforms, Inc.) : 

1 - , COO LANT ~ 

Ef-'-.---- - AIR~ ____ ~ 
ELECTROFORMED 

F IGURE I- 20.- Elect roformed nozzle. (Courtesy Douglas 
Aircraft Co.) 

Property Nickel Silver Iron Copper 

Minimum tensile strength, psi ________ _____ ____ ________ ______ ___ 160,000 30, 000 60,000 30,000 
Minimum yield strength, psi __________ _________________________ 100,000 ---- - - - - - - -- 15,000 
Minimum elongation, percent in 2 in. __ __ _____ ______ ____________ 4 15 15 15 

I 
Average Vickers hardness ______________ _____ ____________ _______ 300 55 135 50 
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The values are quite high and compare favor
ably with the values for these metals pro
duced by conventional processes. This pro
cess is limited only to those metals that can be 
plated. Recently this forming technique has 
also been improved by inducing ultrasonic 
vibration in the plating bath. 

Cold Working 

Even though there is no attempt to cover 
all the forming methods being used, one 
more should be mentioned. Building high
strength pressure vessels usually means 
working with hard-to-form and difficult-to
weld materials. One way to overcome this 
difficulty is to make the vessel from a soft 
material, such as annealed 301 stainless steel, 
which is relatively easy to form and to weld, 
and then to expand it or cold work the mate
rial to strengthen it (see fig. 1-21). In this 
case, it is really cold worked because the 
material is stretched at a temperature of 
-320° F. This process is known by the trade 
name of Arde-Form. In this process the pre
formed vessel is filled with and surrounded 
by liquid nitrogen. The vessel is then pres
surized to expand it to some predetermined 
diameter within a die. A cold reduction of 
only a few percent at this temperature has 
the same strengthening effect that a 30~ to 
40-percent reduction would have at room 
temperature. 

MACHI liNG 

Electric-Discharge M achining 

One of these machining or metal-removing 
processes is electric-discharge machining or 
EDM (see fig. 1-22). This process is not 
new, but it has been growing rapidly in 
application since its introduction by the Rus
sians in 1943. The direct effect of an electric 
arc is used to remove material. The EDM 
tooling is machined in the desired shape and 
placed within 0.001 to 0.002 inch of ' the 
workpiece. Both the tool and the workpiece 
are immersed in a dielectric oil. A current 
control charges a capacitor to approximately 

WORKPIECE- ------~-

- LIQUID- NITROGEN 
BATH, -320' F 

FIGU HE 1-21.-Cryogenic stretch forming. 
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FIGU HE 1-22.-Electric-discharge machining. 

50 volts, which causes the dielectric fluid to 
break down and establish an arc between 
the tool and the workpiece during which 
time small vol urnes of both WOl'k and tool 
material are heated and melted. The molten 
metal is then expelled into the dielectric 
fluid , which leaves minute craters in the 
work. Each discharge occurs at the point 
closest to the tool, and as a result the loca
tion of each discharge differs from the pre
vious one. The frequency of this arcing 
process ranges up to 250,000 cps. As ma
chining progresses, a servomechanism ad
vances the tool into the work to maintain a 
constant gap. 

In figure 1-23 is a shaped electrode in 
position after cutting a blade shape into a 
molybdenum alloy disk. This alloy is brittle 
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MOLYBDENUM 
ALLOY ~/// 
TURBINE~/ 

F I GURE 1-23.- Phantom view of molybdenum t urbine 
E lectric-d ischarge machining 

FIGURE 1- 24.-Molybdenum turbine wheel. E lectric-
discharge machining. 

~§~~~~0 . 006" ·c 0 .008" 

FIGURE 1- 25.- Tungstcn grid. E lectric-discharge machin
ing. 

FIGURE 1-26.- Multiple drilling machine. Electric-dis
charge machining. 

FIGURE 1- 27.- Closeup view of multiple drilling. E lectric
discharge machining. 

near room temperature, and the complete 
absence of tool pressure is an essential fea
ture of this process. The completed refrac
tory alloy turbine (fig. 1-24) will be driven 
at high speeds by sodium vapors at 2000° F. 

Extremely fine detail is possible with rela
tively simple and inexpensive tools. The 
tungsten grids in figure 1-25 were produced 
by electric-discharge machining 40 slots at 
a time. 

Multiple drilling of fine holes is another 
example of the versati lity of this machine. 
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F I GURE 1-28.- 1 -Inch inj ector. Electric-discharge ma
chining. (Courtesy Rocketdyne.) 

FI GU RE 1- 29.- General view of rocket nozzle. Electric
discharge machining. 

FIGURE 1- 30.- Cutout of rocket nozzle. Electric-dis
charge machining. 

A total of 180 holes, 0.020 inch in diameter, 
were machined simultaneously into a rocket 
injector (figs. 1-2 and 1-27). 

Rocketdyne Division of North American 
Aviation, Inc. uses a one-piece carbon elec
trode to electric-discharge machine an 18-
inch-diameter injector body (fig. 1-28). Elec
tric-discharge machining is frequently used 
for drilling holes, but in this case everything 
but the hole material is removed. This tool 
leaves a group of posts that are later drilled 
to form the tubes of the injector. 

It was necessary to machine a 4-inch hole 
into a tubular rocket nozzle without damag
ing the thin-wall Inconel X tubes (see fig. 
1-29). Extending the electrode servomech
anism and building a temporary dielectric 
reservoir made possible the use of a standard 
machine to do the job. This thin-wall-tube 
section, attached to the Vs-inch-thick In
conel X jacket material, was removed with
out distortion of the tubes (see fig. 1-30) . 

Electrochemical Machining 

Although EDM certainly has many fine 
applications, many of these jobs can also be 
done by electrochemical machining (ECM). 
Although ECM development started as a 
low-cost grinding method for carbides, the 
process has been more recently applied to 
die sinking, turning, and milling operations. 

A point-by-point comparison of these two 
processes can be seen in figures 1-22 and 
1-31. In ECM, an electrolyte is used rather 
than a dielectric fluid. The power supply for 

TOOL- _ 
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FIGU RE 1- 31.- Electrochemical machining. 
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ECM is a steady high-amperage direct cur
rent rather than the pulsing type used in 
EDM. In ECM the metal removal is accom
plished by rapidly converting the surface of 
the metal into metal hydroxides and plating 
out hydrogen gas on the tool. This deplating 
in ECM is contrasted to spark erosion for 
EDM. The important detail that is not ade
quately shown in figure 1-31 is the need for 
very careful tailoring of the flow of electro
lyte between the tool and the workpiece to 
produce . a laminar flow at high velocity. It 
is this tailoring of the electrolyte flow that 
normally limits ECM to moderate to large 
quantities to amortize the tool-development 
costs; however, once the tool is developed, 
the metal-removal rates are much faster 
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INSULATO~ , 

SALINE 
SOLUTION 

, 
LTYPICAL 

INJECTOR 
(POSITIVE 
TERMINAL) 

F I GURE I-32.-Test setup of burr-removal devices. 
E lectrochemical machining. 

FI GU RE I- 33.-Sifko sink machine. Electrochemical 
machining. (Courtesy Steel Improvement & Forge Co. ) 

E W T ECH OLOGY 

than in EDM and tool wear is nonexistent. 
A particular application of ECM that is 

especially intriguing is the deburring opera
tion shown in figure 1-32. In this case the 
velocity of the flow of the saline solution is 
used to do natural rounding of the corners. 
The part shown is a rocket injector, but this 
same principle is being used by the auto
motive companies for deburring oil holes in 
connecting rods and similar parts. This 
method represents a real breakthrough be
cause no really satisfactory mechanical de
burring method existed to do this job. 

In figure 1-33 is an ECM die sinking 
machine pr oduced by Steel Improvement & 
Forge Co., Cleveland, Ohio, which has done 
considerable developmental work in this 
process. Before and after views of a turbine
blade forging are shown in figure 1-34. At 
the left is the as-forged part, and on the 
right, the electrochemically machined blade. 
Doing this job requires that two very care
fully tailored opposing tools simultaneously 

F IGU RE 1-34.-Turbine blades. E lectrochemical machin
ing. (Courtesy Steel Improvement & Forge Co. ) 
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contour both surfaces of the blade to the final 
shape. Incidentally, although there is no tool 
contact with the workpiece during the 
machining operation, the high pressures 
used to make the electrolyte rapidly flow 
make opposing tools ideal for this rather 
flexible part. This process is being used ex
tensively to produce parts of this type by all 
the large turbine-engine manufacturers in 
this country because of its high production 
capabilities. 

Chemical Milling 

Another metal-removal process that is 
finding considerable application is chemical 
milling. The simplest chemical milling oper
ation is the one in which removing an equal 
amount of material from the entire surface 
is required. The part to be milled is simply 
immersed in a circulating bath of a selected 
chemical etchant (fig. 1-35) . The entire sur
face is uniformly dissolved by the etchant. 

ETCHANT 

FIGURE 1- 35.-Chemical milling. 

~PLASTIC 

LINED 
TANK 

FIGURE 1-36.-Undercutting in chemical milling. 

If it is desired that certain areas be un
affected, these areas must be masked off or 
protected with a maskant material that will 
not be affected by the etchant. Plastic tapes 
of various widths are often desirable if sim
ple areas are to be protected, but the most 
popular maskants are the elastomers (such 
as butyl rubber and neoprene) and plastics 
(such as polyvinyl chloride) that can be 
applied by spraying, dipping, brushing, or 
rolling. The usual procedure is to cover the 
entire area with maskant and then to scribe 
and remove the maskant from the areas 
requiring milling. 

An important feature to remember is that 
the etchant undercuts the maskant an 
amount equal to the depth; that is, as the 
etchant dissolves downward, it also dissolves 
metal under the exposed edge of the maskant 
(fig. 1-36). It is therefore necessary to con
sider this when the scribe pattern is laid out 
on the piece. 

At Lewis, many rocket injector faceplates 
have been chemically milled to create cool
ing passages to prevent overheating and 
burning of the surface. This pattern was 
produced by covering the entire convex sur
ace with a 4-inch-wide plastic tape, scribing, 
and removing the appropriate areas (see 
fig. 1-37). The depth of mill was approxi-

-
FIGURE 1-37.- ickel injector face. Chemical milling. 
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mately 0.030 inch. It was necessary then to 
have the maskant of each little square 0.060 
inch larger in each direction than the final 
desired dimensions. 

Chemical milling is being used by Straza 
Industries in California to produce tapered
wall stainless-steel tubes for the large M-1 
rocket engine. Twenty of these tubes 6 feet 
long are tapered simultaneously in a fixture 
by slowly withdrawing the tubes from the 
etchant (fig. 1-38). The depth of removal is 
proportional to the time the surface is ex
posed to the etchant. In this case the tube 
walls were tapered from 0.030 to 0.014 inch 
in the 6-foot length. Today, many large, 
difficult-to-machine contours are being chem
ically milled. 

A large Saturn tank segment being chem
ically milled by the Chemical Contour Cor
poration, Los Angeles, California, is shown 
in figure 1-39. The weight of the tanks can 
be reduced by reducing the thickness of the 
center area of these segments. The edges 

_~ fTCHA T 

F I GURE I-38.-Tube-wall tapering. Chemical milling. 

F I GURE I-39.- Large bulkheads. Chemical milling. 
(Courtesy Chemical Contour Corp.) 
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F IGU RE I- 40.- Ultrasonic machining. 

FIGURE 1-41.-Abrasive dental drilling tool. 
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must be masked and left thicker because the 
welding process to join these segments to
gether reduces the strength of the aluminum 
alloy adjacent to the weld. 

Although some metals are more difficult 
to control than others, this process is finding 
application with many types of materials. 
For example, it is a very satisfactory and 
productive way of blanking out refractory 
sheet-metal pieces. In this case, in which 
only the edge is milled, surface finish is not 
important. 

Abrasion 

Most of the removal processes mentioned 
previously require either a conductive sur
face, or as was the case with chemical mill
ing, a surface that can be dissolved quite 
readily. There are, however, processes that 
can be used on other surfaces or materials. 
Some processes base their operation on ultra
sonic vibration. Figure 1-40 shows a sche
matic drawing of the process. The transducer 
is energized by the electronic generator. The 
ultrasonic vibration in the transducer is 
then transmitted mechanically to the tool bit. 
The tool bit and the workpiece do not touch; 
there is a small gap between them. The 

F I GURE 1- 42.- Glass drilled with abrasive dental tool. 
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FIGURE 1-43.- Ruby laser bead. Light amplification by 
stimulated emission of radiation. 

slurry pump supplies an abrasive in this gap. 
While vibrating ultrasonically, the tool bit 
transmits its energy into the abrasive, which 
in turn loses its energy by impacting the 
workpiece. This rapid contact causes the 
material to be cut away. These techniques 
are used in grinding, cutting, drilling, or 
shaping operations. 

Another tool used at Lewis, based on 
abrasion techniques, is very efficient for 
machining hard materials. This tool is used 
for drilling teeth by the dental profession. 
We devised a circle generator holder and 
installed it in a cabinet as shown in figure 
1-41 to drill holes and cut shapes in glass, 
in ceramics, and in other nonconducting 
material (see fig. 1-42). 

Laser 

Another process that shows promise for 
this type of work is the laser. It can be used 
to bore holes in any known material by 
melting and evaporating. The word laser 
is an acronym derived from the first letters 
of the words light amplification by stimu
lated emission of radiation. The first and 
still the most popular laser is the ruby, which 
comes in rods from 2 to 15 inches long and 
up to 31bout 1 inch in diameter (see fig. 1-43). 
Around the ruby rod is a xenon flashtube that 
excites the chromium atoms in the ruby into 
higher energy states. Simultaneously stimu
lated and falling back to the ground-level 
energy state, these atoms produce an intense 
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beam of light that bounces back and forth 
against the reflective ends of the rod and 
then bursts through the partly reflective end 
of the rod as an amplified light beam. The 
output is in the form of bursts of energy of 
extremely short durat ion. The interest in 
this device is indicated by the fact that in 
1960 about 1 million dollars was invested in 
laser research, and this amount has grown 
to about 27 million dollars for the year of 
1964. The rate of advance is rapid, but this 
device is just in its infancy as far as a metal
working tool is concerned. Lasers have been 
used to drill, to mill, and to weld, but they 
are not much beyond the laboratory curiosity 
state. As the efficiency is advanced from the 
present 1 to 4 percent, more applications can 
be expected from these devices. 

JOINING 
In aerospace fabric3ltion, there is a need 

for many exotic materials and difficult-to
assemble designs that require the application 
of the newer processes such as electron-beam 
welding, but the more conventional processes 
will still play a vital role in fabrication. 
There are many research and development 
projects that are designed to modify and 
improve welding techniques; these projects 
range from arc to electron-beam to laser
beam welding. 

Regardless of what is being welded, or 
how it is being welded, the problems are 
usually very similar. The weld must be 
deposited so that the weld area is free of 
cracks, porosity, and other defects. The 
weld procedure must not reduce excessively 
the strength or ductility of the metal ad
jacent to the weld. In some cases, it is pos
sible to restore the strength or ductility by 
heat treatment, but when it is not, a better 
welding process must be sought-a different 
material or perhaps a different joining pro
cess. Many times there is a process for mak
ing satisfactory joints, but the distortion or 
residual stresses caused by the welding can
not be controlled. Again, a different tech
nique or process must be found. 

Inert-Gas Welding 
Very often cracks, porosity, and loss of 

ductility are caused by contamination of the 
weld metal by gases in the air that surround 
the weld puddle. All welding procedures are 
designed to protect the weld metal, but for 
many materials such as tantalum and colum
bium, additional precautions must be taken. 
One such method is to place the parts to be 
welded within a so-called welding chamber. 
The welding chamber in use at Lewis is 
somewhat typical of the many welding cham
ber designs used throughout the country 
(see fig. 1-44). These chambers can be evac
uated with a vacuum pump to very low pres
su'res and backfilled with very pure argon 
gas after the workpiece is installed in the 
weld fixture. The heliarc torch is within the 
chamber, but the welder must work through 
rubber gloves that are sealed in the chamber 
wall. With this process, the welder can be 
certain that the weld is not being contami
nated by the surrounding atmosphere. 

Another technique that can be used on 
pieces too large for available welding cham
bers is the plastic-bag technique. In figure 
1-4 is shown a large columbium component 
sealed and welded in a plastic bag. The bag 
is filled with argon and also equipped with 
sealed rubber gloves. Actually, the ideal way 
to prevent contamination is to weld in a 

FIGURE 1-44.- Inert-gll8 welding chamber. 
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high-quality vacuum; however, it is impos
sible to do arc welding in a vacuum. 

El ectron-Beam W elding 

When requirements for joining necessitate 
ultrahigh cleanliness and also a minimum 
amount of heat-affected area, el~tron-beam 
welding techniques are employed. The best 
way to describe an electron beam is to con
sider heating a wire white hot. When heated, 
electrons in the wire tend to swirl around-the 
surface of the wire. If a voltage is impressed 
between the white-hot wire and ground po
tential, the swirling electrons are pulled 
from the wire to ground. This is the elec
tron beam (see fig. 1-46). When the beam 
is focused by a magnetic coil, the highly con
centrated electrons impinge on the grounded 
workpiece and give up heat. The heat pro
duced is capable of melting any known 
material. 

Electron-beam welding is conducted in vac
uum chambers to give the most efficient and 
concentrated beam. Vacuum welding is the 
cleanest method known. Stainless steel is 
welded completely free of discoloration in 
vacuum, while it is extremely difficult to weld 

FIGUHE 1-45.- Plaatic-bag technique in inert -gas welding. 

stainless steel stainfree by heliarc methods. 
Also, electron-beam welding gives the small
est weld and smallest heat-affected area. A 
comparison is given in figure 1-47 for the 
same depth penetration. The central tooth 
is the electron-beam weld, while the cup
shaped area is the heliarc weld. Electron-
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FIGUHE 1- 46.- Electron-beam heat source. 

FIGUHE 1-47.-Comparison of weld zones. Electron beam 
and heliarc techniques. (Courtesy Hamilton Standard 
Div., Uni ted Aircraft Corp. ) 



24 CONFERENCE ON EW TECHNOLOGY 

beam welding will thus cause less distortion 
because of this minimum weld area. The 
penetrating power of the beam is illustrated 
in figure 1-48. With one pass, the beam 
penetrates and welds three 0.050-inch-wall 
tubes simultaneously. This highly con
centrated beam capability allows welding 
through one plate or ring into a central or 
base component, with a very limited amount 
of distortion. 

Since the welding is done in a vacuum 
chamber, motions must be provided within 
the chamber for maneuvering the welding 

FIGURE I-48.-Multiple tier weld in 18-8 stainless steel. 
(Courtesy Hamilton Standard Div., United Aircraft 
Corp.) 

operation. Figure I-49 shows the possible 
movements. The work can be moved for 
seams in the x and the y planes; it can be 
tilted, revolved, or moved up and down auto
matically by controls outside the chamber. 
In addition to work movements, the electron 
gun has vertical movements and automatic 
y-direction movements; also, the gun can be 
preplaced on mounting supports at almost 
any desired angle. The beam itself can also 
beJ'otated electronically to form circles. 

One of the first problems solved with the 
electron beam at Lewis was the manufac
ture of ion-engine emitters. Ion engines are 
one means of propulsion in space. The emit
ters in these engines must be enclosed in a 
tungsten housing. Figure I-50 is a sketch 

·" rX 
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FIGURE I- 49.- Degrees of freedom in electron-beam 
welding. 
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F IGURE I -50.-Ion-emitter assembly . 
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FIGURE 1-51.-Tungsten IOn emitter . Electron-beam 
welding. 

and figure I-51 is a cross-sectional view of 
an ion emitter. The porous tungsten through 
which vapors must pass and ionize is shown 
in figure I-50. It is joined to a channel 
made from tungsten sheet material. The 
relative size should be noted. The channel is 
O.OlO-inch tungsten sheet. The porous tung
sten is 0.040 to 0.060 inch thick. This part 
is impossible to join with heliarc methods 
but is completed with ease by electron-beam 
methods. A cross section of an ion-engine 
emitter is shown in figure 1-51. Once again, 
the thin walls of the housing in comparison 
with the heavy-wall porous tungsten should 
be noted. 

Some parts are joined by the electron
beam method primarily for the cleanliness 
of the operations. Many research efforts 
require metals and powders to be enclosed 
in cans with all the air removed from the 
can. Figure I-52 shows how this operation 
is performed. On the right, an electric sole
noid holds the lid off the can. The pumping 
system of the welder then removes the air 
from the vacuum chamber and the can. At 
this point, the electric solenoid places the lid 
on the can. The electron gun right above 
the can then welds the seam between the lid 
and the can while the can is rotating. Vari-

FIGURE 1-52.-8ealing procedure in vacuum. Electron
beam welding. 

FIGURE 1-53.-Magnesium turbine shaft seal. Electron
beam welding. (Courtesy Hamilton Standard Div., 
United Aircraft Corp.) 

ations of .this technique, of course, can be 
used and are used for many industrial appli
cations where the absence of air in a part 
is a necessity. 

Now there are also other reasons for this 
type of welding. Sometimes, components are 
machined and joined by conventional tech
niques but subsequently must be repaired. 
Conventional joining methods at times are 
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not conducive to repairing these parts be
cause of physical dimension limitations. A 
magnesium housing with a crack that has 
been repaired with the beam is shown jn fig
ure I-53. The contour of this part adapted 
itself quite readily to electron-beam tech
niques. A machining error repair in an 
aluminum housing is shown in figure I-54. 
This type of repair work, not adaptable to 
normal heliarc methods, is accomplished suc
cessfully by the electron-beam method. The 
bore was slightly large as machined. A ring 
insert was placed in the hole, and with the 
deep focal length of the beam, the insert 
was welded to the hou ing. 

Sometimes, a part requires only a spot
welding technique. Figure I-55 shows a 
O.005-inch-wall tungsten cylinder rolled from 
sheet material and spot welded by the beam. 
The electron-beam apparatus is capable of 
automatically pulsing the beam to form these 
spot welds. 

Frequently, parts are too large to fit into 
a vacuum chamber. In figures I-56 and 
I-57 are shown a 250-foot liquid-metals 
heater being made from 20-foot lengths of 

FIGURE 1-54.-Repair of machining error in aluminum 
housing. Electron-beam welding. (Courtesy Hamilton 
Standard Div., United Aircraft Corp.) 

FIGURE 1- 55.- 0.005-Inch-waU tungsten cylinder. E lec
tron-beam spot welding. 

FIGURE 1- 56.-Columbium- l-percent-zirconium liquid
metals heater fabrication. Electron-beam welding. 
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FIGURE 1-57.-Columbium-l-percent-zirconium tube 
heater. Electron-beam welding. 
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columbium tubing. It is welded and the 
welds are heat treated in the electron-beam 
welder. The coil is shown partly complete, 
fitting through seals in the chamber and 
then through the welding fixture where the 
tubes are butted and welded by the rotating 
electron gun. The tube then passes through 
a furnace coil that heat treats the weld. Aft 
this point, the vacuum is released and the 
seals are removed. A tube bender then 
forms the tubing into a coil 18 inches wide 
and 6 feet long. The fixture on which the 
gun rotates is shown in figure I-58. The 
power supply to the electron gun is delivered 
by stationary copper rails on the outer 
periphery of the fixture. Through the center 
of the fixture the tube passes horizontally. 
The gun rotates around the stationary tubing 
and makes the weld. 

Another adaptation of electron-beam weld
ing to large structures is the 33-foot-diam
eter aluminum ring for the Saturn booster 
(fig. I-59). This ring is fabricated in three 
120 0 segments that when welded form a ring 
33 feet in diameter. The wall thickness is 

FIGURE I- 58.- Welding fixture for columbium- l-percent
zirconium liquid-metals heater. Electron-beam welding. 

about 4 inches. A split vacuum chamber 
that clamps onto the ring is shown in figure 
1-60. Two electron guns follow the seam on 
each leg of the Y to form the complete weld 
(fig. 1-61). The narrow electron-beam weld 
limits the distortion and provides a very 
fine seam weld. 

An example of electron-beam drilling is 
shown in figure 1-62, which is a view of 
0.002- to 0.003-inch-diameter holes drilled 
in 0.010-inch molybenum sheet. The beam 
is closely focused at high intensity to enable 
the material in the hole area to be vaporized. 

The beam can be used as a means for 
evaporating metallic films onto nonmetals 

Figure 1- 59.-Saturn booster aluminum ring. Electron
beam welding. (Marshall Space Flight Center .) 

FIGUHE I-60.-Split-chamber electron-beam welding of 
Saturn ring. (Marshall Space Flight Center.) 
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_ -- ;5;5-FT DIAM . 

FIGURE 1- 61.- Dual penetra tion by two electron guns on 
aturn ring. 

such as heat-treated glass (fig. 1-63). This 
technique requires the beam to be focused 
on the material to be vaporized; the vapor 
is then deposited on the part to be coated. 
Figure 1-64 shows a square heat-treated 
glass tube with a thin film of aluminum 
vaporized selectively on two opposite sides. 
A primary application of the beam is the 
vaporization of high-melting-point materials 
such as tungsten and molybdenum. Although 
these materials melt at temperatures above 
4000° F, they are readily evaporated by 
electron-beam methods. 

Furnace Brazing 

A process that is being used on many com
plex designs is furnace brazing. Like many 
other fabrication processes, it has peculiar 
requirements and limitations, but for many 
designs it is a valuable process. The prog
ress that is being made in welding, particu
larly in electron-beam welding, is impressive. 
Many of the jobs that used to be done by 
furnace brazing are now being done by elec
tron-beam welding. There is, however, a 
great deal of work that can best be done by 
furnace brazing. 

The basic difference between brazing and 
welding is that in welding the temperature 
is high enough to melt the pieces b~-g. 

F IGURE 1-62.- E lectron-beam-drilled holes in O.OlO-inch 
molybdenum. (Courtesy Hamil ton Standard DIV., 
United Aircraft Corp.) 
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FIGURE 1-63.- Evaporative coating by electron beam. 

F I GURE 1- 64.-Electron-beam evaporative coating of 
aluminum on heat-treated glass. 
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joined. In brazing, either with a torch or in 
a furnace, the braze metal melts below the 
melting point of the pieces being joined. 
This is very often a big advantage in braz
ing, paJrticularly when dissimilar metals a're 
being joined or when the metal being joined 
has a tendency to crack when it is actually 
melted. 

Furnace brazing certainly is not a new 
process, but in the aerospace field, it is being 
applied to some complex assemblies. The 
furnace-brazing process can be illustrated 
by the use of a rocket-injector assembly (fig. 
1-65). In welding, one of the problems is 
the distortion produced by the local heating 

FIGURE I-65.-Rocket injector. Furnace brazing. 

FIGURE I~.-Tube assembly for KIWI engine. Furnace 
brazing. 

of the weld area. Even with the minimum 
effect with electron-beam welding, it is not 
feasible to weld al1 assembly like this one. 
Incidentally, the chemically milled injector 
face that was dIscussed earlier can be seen 
at the bottom of this cutaway section. 

Each of those MOO stainless-steel tubes 
must be brazed to the injector face and 
sealed into the top plate. One leak that 
develops in those top joints would allow the 
rocket propellants to mix inside the injector. 
For furnace brazing of this assembly, all 
components are carefully cleaned and assem
bled with a closely controlled fit of all joints. 
A little ring of pure copper braze metal is 
placed over each tube at the bottom joint and 
also at the top. The complete injector, in its 
brazing fixture, is positioned in the furnace, 
ready for brazing. No flux is necessary be
cause the entire heating and cooling cycle is 
in a high-quality vacuum. The metal sur
faces and the braze metal stay bright and 
shiny throughout the cycle. There is no 
need for fluxes to dissolve away oxide that 
would prevent the braze from wetting and 
flowing into the joints. The entire assembly 
is uniformly heated and cooled, so that dis
tortion is essentially nonexistent. 

The top plate is a heat-treatable alloy, and 
it was selected because the brazing tempera
ture in this case, 2000 0 F, was just right to 
provide the heat treatment at the same time 
it was being brazed. 

Most of the large 'rocket thrust chambers 
in use today are furnace-brazed tubular de
signs. In figure 1-66 is one of the smaller 
thrust chambers being assembled for braz
ing at Lewis. During the actual firing of 
these regeneratively cooled rockets, the fuel 
is circulated through these tubes to the in
jector. This flow of fuel keeps the wall of 
the chamber, which consists completely of 
these thin-walled tubes, from melting under 
the intense heat of the combustion. 

Cleanliness and a close fit of these tubes 
are essential for successful brazing. The 
molten braze will not bridge a gap larger 
than 0.004 or 0.005 inch. Following the fit 
and inspection, the tube bundle is placed 
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FIGURE I-67.-8haft fixture for KIWI engine. Furnace 
brazing. 

FIGURE I-68.-Placement of braze alloy on KIWI engine. 
Furnace brazing. 

FIGURE I-69.-CompJeted KIWI chamber under vacuum 
retort. Furnace brazing. 

FIGURE I-70.-F-l thrust chamber. (Courtesy Rocket
dyne.) 
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over the brazing fixture (fig. 1-67), and the 
braze alloy is applied. Various forms of 
braze are used, depending on the type of 
braze alloy and the type of joint to be made. 
Small pieces of braze in foil form and wire 
form applied close to the joints to be made 
are shown in figure 1-68. Powdered braze can 
also be used on many complex assemblies. 

The brazed tube bundle is shown in figure 
1-69 on the furnace support ready for braz
ing. The retort being held just above the 
tube bundle is lowered, and it completely 
encloses the work during the brazing cycle 
and contains a high-quality vacuum. The 
large heating bell in the background is low
ered into position over the retort to heat 
the work by radiation through the retort 
wall. Furnace brazing temperatures vary 
from approximately 1800° to 2200 ° F, de
pending on the melting point of the braze 
being used. 

At Lewis all brazing is done in vacuum 
furnaces, but some excellent work is being 
done in protective-gas atmospheres. Some 
large rocket-engine chambers being brazed 

FIGURE I-71.-F -1 clamshell furnace. (Courtesy Rocket
dyne.) 

f 
in an argon . tmosphere at Rocketdyne in 
California are shown in figure 1-70. Inciden
tally, this engine, the F-1, produces a thrust 
of 1,500,000 pounds. These chambers are 
brazed at Rocketdyne in the clam-shell-type 
gas-fired furnace shown in figure 1-71. The 
rocket chamber with the braze applied is 
sealed in the retort that contains the pure 
argon gas. The two halves of the heating 
bell are moved in to heat the entire retort 
and workpiece to the brazing temperature. 
After the brazing is completed, the furnace 
is moved back to this position and two water
cooled half sections are moved in to shorten 
the cooling cycle. 
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FIGUHE I-72.-Pratt & Whitney brazing furnace. 

FIGURE I-73.-RL-lO thrust chamber retort loading. 
(Courtesy Pratt & Whitney Aircraft.) 
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.. ) 
One problem in furnace brazing is that the 

braze alloy has a tendency to run to the 
bottom of the assembly being brazed. Vari
ous techniques are used to prevent this on 
long joints that are in the vertical position, 
but Pratt & Whitney Aircraft uses an un
usual furnace design (fig. 1- 72). They posi
tion the thrust chamber horizontally in the 
furnace and actually rotate it to provide a 
more uniform distribution of braze. This 
method requiTes more fixtures during this 
"rotisserie" operation, but this technique 
has been highly successful. Figure 1-73 
shows the chamber and fixtures being fitted 
into the retort that is sealed by welding and 
purged with pure argon protective gas prior 
to the heating cycle. 

A drawing of a 1,500,OOO-pound-thrust 
engine under development at Aerojet Gen
eral Corporation, Sacramento, California, is 
shown in figure 1-74. The tubular chamber 
for this engine will be brazed in the world's 
largest vacuum brazing furnace, now near
ing completion at Aerojet. 

FIGURE 1-74.-M-l engine. (Courtesy Aerojet General 
Corp.) 
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ROM VERY EARLIEST HISTORY, man has 
always used as one of his criteria for dete,r
mining the state of progress of his civiliza
tion the most advanced materials available 
to him. We have had the Stone Age, the 
Iron Age, and the Bronze Age, and in all of 
these periods, man has always used natur
ally occurring materials or materials that 
he could readily put together from those 
that occur in nature. From these he has 
made tools and other mechanisms. Using 
these tools and mechanisms, he has gone 
on to discover and exploit new materials. 
Finally, we are at a point today where we 
know all of the basic elements that we can 
incorporate into our materials. The periodic 
table is quite complete, and now the problem 
is how to put these materials together in 
such a way as to achieve the optimum com-
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FIGURE II- I.- Material temperature environments in 
transportation vehicles. 

bination of elements for the various purposes 
we need to satisfy. Ours might be called an 
"age of tailored materials" beoause no single 
material can serve all the purposes. We 
must find a different material for each of 
the many applications we have. 

As an indication of the great extent to 
which the need for different materials has 
increased in recent years, reference may be 
made to figure II-I. Here the problem of 
transportation is illustrated. We have chosen 
one variable, temperature, and shown how 
the range of this variable has expanded 
during the past few years. If we go back to 
the 1930's, when the piston engine was the 
main source of propulsion, the range of in
terest in temperature was bounded by about 
1000° F on the upper end, and on the low 
side our interest was limited to about -400 

F, primarily for an occasional encounter in 
a low-temperature a.tmosphere. In the early 
1940's, when the jet engine was introduced 
and turbine buckets and combustors became 
of interest, the upper limit of the tempera
ture range was extended to about 1500° F. 
On the low side, values near -40° F still 
remained extreme. In the middle 1950's, 
whe'n the rocket engine was introduced, we 
became interested in temperatures up to 
about 5000° F for the rocket nozzle. At the 
lower extreme, the need to store liquid oxy
gen extended the range of interest to -300° 
F. More recently, when reentry vehicles 
became important, for example, in the Mer-

33 
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cury Program, the upper temperature of 
interest was extended to approximately 
15,000° F. This is the temperature in the air 
ahead of the reentry vehicle. Obviously, no 
material is able to withstand these tempera
tures for any extended length of time, be
cause the melting point of the most refrac
tory material known is a little over 7000° F. 
A new concept of materials application had 
to be introduced, namely, that of ablation, 
which is a process in which the surface 
gradually vaporizes away to protect the main 
body. The material never really achieves the 
temperature in the air ahead of it. At the 
lower extreme, we became interested in the 
storage of hydrogen at a temperature of 
-423° F, which is only 37° above absolute 
zero. 

To meet all these requirements, a great 
many different materials mnst be consid
ered. It is extremely important how these 
materials are put together, because very 
small changes in the material's content can 
have drastic effects on its properties. As is 
discussed later when applications of tung
sten 3ire described, concentrations of oxygen 
and carbon of the order of several parts per 
million introduce changes in properties that 
can spell the difference between successful use 
and failure in service. Electronic materials, 
especially, gain their properties from very 
small concentrations of impurities. These 
concentrations are of the order of parts per 
billion, and, in fact, are so small that they 
can hardly be measured. Composition is 
thus an important variable in materials. 

Another important technology is the test
ing of materials so that we may be sure 
they will satisfactorily serve the purpose for 
which they are intended. Laboratory tests 
are sometimes a little misleading, and we 
must know how to run the proper tests and 
how to interpret the results properly to en
sure that the conclusions drawn will be valid. 
As an illustration of improperly interpreting 
results, consider the Liberty ships used dur
ing and right after World War II. The par
ticular ship shown in figure II-2 was not 
out on the ocean in a storm; it was 

FIGURE I1-2.-Brittle failure of Liberty ship. 

standing in a Boston harbor when it broke 
in half. The material used in the ship's con
struction had been evaluated in the labora
tory and was deemed to be satisfactory, 
but it did not serve the purpose intended. 
This was a case of "brittle fracture," which 
is discussed later. 

Figure II-3, a photograph that appeared in 
the Plain Dealer about 20 years ago, shows 
what happened on the east side of Cleveland 
when a tank storing liquid gas at about 
-250° F developed a leak as a result of brittle 
fracture. A large area was devastated from 
the resulting fire and explosion, and many 
lives were lost. Here again it was a question 

FIGURE I1-3.-Devastation from gas storage tank failure 
and explosion. (Courtesy of Cleveland Plain Dealer.) 
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of improperly interpreting material for its 
intended purpose. 

Considerable materials research is con
ducted here at Lewis, and in numerous other 
places in this country. The purpose of this 
conference is to present some of the results 
of this research. Naturally, those areas with 
which we are most familiar, namely, the 

-aerospace applications, wiII be featured; 
however, we believe this information is of 
interest in technological applications other 
than aerospace. 

BRITTLE FRACTURE PROBLEMS 
The spectacular failures of Liberty ships 

and the gas storage tank occurred in materi
als that appeared to have adequate strength 
and ductility based on tensi le test data. Duc
tility means that the material has the capa
bility of taking on a permanent deformation 
without fracture, such as a mild steel at 
room temperature. Under some conditions, 
however, materials thought to be ductile can 
fail in a brittle manner just as if they were 
glass. Our problem is to determine the con
ditions under which failure of normally duc
tile materials will occur in this brittle man
ner. Perhaps the failure of t r uly br ittle 
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FIGURE II- 4.- StreB8 distribution in vicinity of flaw. 

materials should be discussed first. Such 
materials have no capacity to deform. 

If a structure is made from a brittle mate
rial and contains no flaws whatsoever, the 
structure might be very strong indeed, be
cause brittle materials are often inherently 
very strong. The problem develops when the 
structure contains a flaw. Consider, for ex
ample, the plot shown in figure II-4, in which 
a crack is assumed to be present at the center 
of a specimen. A rigorous analysis of the 
stresses reveals that a very high locali?;ed 
stress develops in the vicinity of the edge of 
the crack. Thus, although the load applied 
is sufficient to produce only a rather low 
average stress across the specimen, the local
ized stress may be so high as to exceed the 
strength of the material and it fails. An 
observer, not knowing perhaps that the flaw 
existed, notes that failure has occurred at a 
low average stress and with a brittle appear
ance, and hence may conclude that brittle 
materials are weak. 

Now what happens if the material is dnc
tile instead of brittle? Its ability to deform 
plastically alters the stress distribution, as 
shown by the dashed line in figure II-4. If 
the material can indeed deform, the stress 
concentration is relieved. This material in 
the presence of the small crack may then not 
be much weaker than it is without flaws. 
The important criterion is whether the 
material is able to adjust properly in the 
presence of a flaw. Whether it can or not is, 
however, a subtle property, which depends 
on many factors inherent in the character
istics of the material itself, the structure in 
which it is incorporated, and the test condi
t ions under which the structure is evaluated. 

Because brittle behavior is so dependent 
on the existence of flaws, it is natural to 
expect that evaluation of the material for 
application in the presence of flaws will be 
best accomplished by testing materials in 
which such flaws are present. Simple as this 
concept is, it is surprising that significant 
recognition of this fact has really only oc
curred within the past 10 to 15 years. 
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FIGURE II-5.-8mooth and notched strengths at various 
temperatures. 

Figure II-5 shows two specimens that have 
been developed to measure toughness, that 
is, the strength of material in the presence 
of cracklike flaws. In these specimens, the 
action of cracklike flaws is simulated by the 
introduction of either edge notches or a 
central crack. The sensitivity of a material 
to cracks is determined by comparing the 
strength of these specimens with that of 
specimens which contain no notches or 
cracks. The latter specimens are called 
smooth specimens. A schematic representa
tion of the behavior of notched and smooth 
specimens is also shown in the figure. The 
strength of either specimen is plotted as a 
function of temperature. There is a particu
lar temperature above which the notched 
and smooth strengths are identical; the ma
terial is thus insensitive to cracklike flaws in 
this temperature region. Below this temper
ature, however, the strength of the notched 
specimen decreases rapidly, indicating the 
development of crack sensitivity. Thus, the 
notched specimen has defined a temperature 
region wherein dangerous strength losses 
result from the presence of cracks. Notice 
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that this embriitlement goes undetected in 
the conventional smooth-specimen tests. 

The particular temperature at which a 
transition from ductile to brittle behavior 
occurs varies with material. Thus, transi
tion temperatures are known to occur any
where frmo -400° F to above room tempera
ture, depending on the material. Recalling 
the liquid gas explosion, the temperature of 
the tank was about -250° F, while the transi
tion temperature of the tank material was 
around -200° F or higher. Thus, the tank 
was operating in a brittle range ·and could 
have been predicted to fail in a brittle man
ner in the presence of cracks. The same 
holds true for the Liberty ship failures; the 
operating temperature was below the duc
tile to brittle transition temperature of the 
material. 

Two materials may differ considerably in 
their ability to withstand cracks, though 
they may be similar in the absence of cracks. 
This crack resistance is illustrated in figure 
II-6, which shows the behavior of two stain
less steels, AISI 301 and PH 15-7Mo. Both 
materials have identical smooth strengths 
over a wide range of test temperature, but 
the AISI 301 stainless is far superior in the 
presence of cracks at low temperatures. 

FRACTURE MECHANICS 

While the recognition that notch tests are 
useful for toughness comparisons is obvi
ously a valuable advance in materials testing 
technology, results such as we have described 
serve mainly to screen materials. Another 
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factor of concern with high-strength thick
walled structures is material that may ex
hibit completely ductile behavior in small 
specimens and can behave in a brittle man
ner in thick walls such as in the Liberty ships 
or the gas storage tank. 

Figure II-7 shows the effect of thickness 
on the ability of a material which contains 
flaws to resist crack propagation. There is 
a very significant effect of thickness. From 
data such as those shown, it would therefore 
be reasonable to test specimens of the same 
thickness as that required for the material 
in a specific structural application. Such an 
approach certainly has merit, but it is diffi
cult to test very thick sections of high
strength materials because of limitations in 
test equipment capacity. Therefore, scien
tific procedures are needed that will permit 
use of data from small, thin tensile speci
mens to predict the behavior of thicker 
materials and also to predict the occurrence 
of brittle fracture in structures. In recent 
years a science has been established called 

F IGURE II- 8.-Acoustic pickup and compliance gage on 
edge-notch specimen . 

Fracture Mechanics that has as its goal pre
dicting brittle failure in structures. 

The fracture mechanics problem is quite 
complicated, and many novel techniques 
have recently been introduced in both testing 
methods and the required mathematical pro
cedures for predicting fracture occurrence. 
One test technique depends on determining 
the time crack propagation is initiated by 
using sound pickups attached to the speci
men, as shown in figure II-8. Another tech
nique utilizes compliance gages, also shown 
in the figure, where crack propagation is 
indicated by separation of the gages by an 
amount greater than that which occurs due 
to normal elastic strain. Research in frac
ture mechanics is being directed toward use 
of techniques such as these to predict brittle 
fracture occurrence in thick materials based 
on testing of thinner materials. 

Fracture mechanics research has been 
used for determining materials, heat treat
ments, and welding procedures that provide 
greater reliability in high-strength-pressure 
vessels. It has also been determined that the 
lightest pressure vessel is not necessarily the 
one made of the highest strength material. 
High-strength materials have a greater ten
dency toward brittle fracture resulting from 
the presence of small flaws and therefore 
cannot be stressed to the levels indicated by 
their tensile strengths. By use of fracture 
mechanics methods, we are able, at least, to 
approach the optimum material and material 
heat treatment for a specific application. 

The environment of a material can also 
significantly affect the brittle fracture char
acteristics of some materials. In the early 
Polaris rocket motor cases, made of a high 
carbon steel, there was an embrittling effect 
of water on the steel when it was under 
stress. Figure II-9 shows a Polaris case that 
failed at a load much lower than that ex
pected while it was being pressurized with 
water. The presence of water was believed 
to be a contributing factor to the premature 
failure. Research at Lewis has shown 
that, if water is placed in the notches of 
notched tensile specimens of high carbon 
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FIGURE II-9.-Brittle facture of large rocket motor case. 

steel, the specimens can fail at a load less 
than three-fourths of the load that would be 
required if the specimens were dry. 

Such performance of a material would 
suggest the desirability of a material change 
in a structure. Polaris motor cases are now 
built of glass-fiber reinforced plastic. 

The value of fracture mechanics is illus
trated in figure II-I0, which shows the success 
achieved in taking tensile specimen data and 
predicting failure occurrence in small pres
sure vessels. The solid lines show two meth
ods of predicting this failure stress based on 
the results of data from tensile tests of a 
notched specimen and a smooth specimen. 
To check these predicted failure stresses, 
we tested a series of tanks containing cracks 
of various lengths, pressurizing the tanks 
until they failed. The data points are the 
actual measured failure stresses in the tanks 
as a function of crack length. These par
ticular tanks were filled with liquid nitrogen, 
which rp.sulted in a material temperature of 
-3210 F. We were quite successful in pre
dicting the conditions at which the tank 
would fail. Note how low these failure 
stresses can become. A crack length of 2 
inches is only 15 percent of the length of the 
tank, but the strength is reduced 90 percent 
compared with that for a tank which does 
not contain a crack. If the failure behavior 
were ductile, rather than brittle, the strength 
would have been reduced only 15 percent. 

The significant point to make from this 
figure is that it is possible to predict the 
stress that a tank can withstand for a given 
crack length by using data from only two 
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relatively simple tensile specimens. Crack
like defects cannot be completely eliminated 
from large pressure vessels. With informa
tion of this type being generated and know
ing the size of cracks that can be found by 
routine inspection techniques, it is reason
able that pressure vessels can be designed 
so that they will approach minimum weight 
and still be safe on the basis of catastrophic 
failure. 

FATIGUE 
Another type of failure that frequently 

manifests itself in appearance as brittle frac
ture is that known as fatigue. Fatigue is a 
process in which the material gradually dis
integrates over the application of more than 
one cycle. Although sometimes we are inter
ested in as few as two or three cycles, at 
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other times our interest lies in the order of 
millions of cycles. 

Because long-time testing in fatigue can 
sometimes be rather expensive, interest at 
Lewis has been directed toward the develop
ment of a method whereby the fatigue char
acteristics of a material can be estimated 
from properties measured in simple static 
tensile tests. From tests for tensile strength, 
ductility, fracture stress, and elastic mod
ulus, fatigue properties can be estimated. 
The mathematics of the approach involved is 
somewhat too complicated for the present 
discussion, and we shall concentrate only on 
the type of results that have been obtained. 

Figure II-ll shows typical results for 
four different classes of materials, high
strength steel, a high-temperature alloy, an 
aluminum alloy, and a magnesium alloy. 
The cyclic life is plotted as a function of the 
strain range imposed on the specimen. This 
form of presentation is slightly different 
from conventional fatigue plots in that it is 
more usual to represent cyclic life in terms 
of stress rather than strain range. One of 
the contributions that we have made at 
Lewis is the observation that fatigue can be 
related more fundamentally to strain than 
to stress. In most cases, however, the stress 
analyst will be able to convert strain to 
stress, even in the plastic range. The solid 
lines in figure II-ll represent predictions 
based on tensile tests on these materials. 
The data points represent experimental re
sults that were obtained after the predic
tions were made. Obviously, the correlation 
is extremely good. 
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FIGURE II-12.-Materials comparison on basis of strength 
to density ratio. 

Not all the materials tested are quite as 
good as those shown in the figure. But 
nearly 30 materials have been tested and the 
agreement between specimen and prediction 
is sufficiently good to give us confidence that 
the fatigue characteristics can be predicted 
on the basis of a simple tensile property for 
most metallic materials of technological in
terest. 

HIGH-STRENGTH MATERIALS 

In applications ranging from space ve
hicles to automobiles and step ladders, there 
is a continuing effort to save weight. The 
most direct approach, from a materials 
standpoint, is to increase material strength. 
As a result, there is a continuing research 
effort directed toward higher strength mate
rials. 

Figure II-12 shows the strength potentials 
of a variety of materials. By comparing 
these materials on the basis of ratio of tensile 
strength to density, we obtain a measure of 
the weight of the material required for appli
cation where the stress to be carried is in 
tension, as it is in pressure vessels. The com
monly used metal alloys, such as titanium, 
steel, and aluminum have strength to density 
ratios less than 1.5 million inches. Improve
ments can surely be expected with further 
development, but it is unlikely that the 
strengths can be doubled or tripled. You 
will observe that the glass fibers do have 
strength to density ratios that are five to 
seven times those of the more common metal 
alloys. Therefore, we have a very great in
terest in trying to utilize this high-strength 
potential. 

There is a general familiarity with one 
example of a material utilizing glass fibers, 
namely, glass-fiber reinforced plastics. Some 
early applications include fishing rods and 
poles for pole vaulters, but pressure vessels, 
as shown in figure II-13, are now being built 
in a similar manner. In the upper right is an 
inset that illustrates a cross section of the 
pressure vessel. The glass fibers that carry 
the load are embedded in a plastic binder 
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FIGURE II- 13.- Filament-wound pressure vessel. 
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FIGURE II-l4.-Material strength at -423 0 F. 

that holds the fibers in place. It might be 
expected that such a material would be less 
subject to catastrophic failure since each 
fiber is an independent load-carrying ele
ment, and crack propagation through the 
material is less likely than that for the more 
homogeneous metal alloys. 

The notch sensitivity of glass-fiber rein
forced plastics is compared with metals in 
figure II-14. The ratio of notched specimen 
strength to smooth specimen strength shown 
as the ordinate is a measure of the notch 
toughness of a material. 

The band shown for metal alloys includes 
aluminum, titanium, and stainless-steel al
loys used for high-strength pressure vessels. 
There is a general trend of reduced notch 
toughness as the strength of these metal 
alloys is increased. As a result, efforts to 
reduce pressure-vessel weight by using 
stronger materials result in a greater prob
ability of catastrophic failure by brittle frac
ture. 

The glass-reinforced plastic does not have 
this characteristic of metal alloys. The 
strength-density ratios of the glass-plastic 
composite can be two to four times that of 
metal alloys, and the glass-reinforced mate
rial is very insensitive to crack propagation. 

Pressure vessels are being built of glass
reinforced plastic at the present time for 
use at temperatures of the order of 50 0 to 
200 0 F . The most notable example is the 
rocket motor case for Polaris. Research is 
now under way at NASA to use this approach 
for pressure vessels at cryogenic tempera
tures. 

LINERS FOR GLASS-FIB E R
REINFORCED PRESSURE VESSELS 

A rather significant problem that occurs 
with the use of glass-reinforced plastic for 
pressure vessels results from their fibered 
construction. The wall of filament-wound 
structures is not pressure tight. Therefore, 
it is necessary to provide some sort of an 
impermeable liner to keep the structure from 
leaking. For application near room tempera
ture, providing a liner is relatively simple. 
An elastomeric material, such as rubber, 
provides an inner tube, so to speak, that 
provides an adequate seal. So far, it has not 
been possible to develop a "tubeless" fila
ment-wound pressure vessel. 

Although glass fibers have very high 
strength, their modulus of elasticity is low. 
As a result, the elastic strain during opera
tion of glass-filament-wound pressure vessels 
can be as much as 2.5 percent. A rubber 
inner tube at room temperature can take 
this strain very easily, and no problems 
develop, but if an attempt is made to use 
filament-wound pressure vessels at very low 
temperatures, such as for storage of liquefied 
gases like helium, nitrogen, or natural gas, 
elastomeric liners become brittle and crack. 

The problem of finding a suitable liner is 
illustrated in table II-I. It can be seen that 
glass fibers exhibit a relatively large maxi
mum elastic strain, about 2.67 percent. 
What is needed in a liner is a material that 
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shows a similar large maximum elastic strain. 
Unfortunately, no other material known ex
hibits a value of this quantity that even 

TABLE II-l-Stretch Capability of Materials 
at - 423° F 

~aximum elastic 
~aterial strain , percent 

8994 Fibers______ __________ 2 .67 
Aluminum _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .50 
Sta inless steeL _ _ _ _ _ _ _ _ _ _ _ _ _ .62 
Alpha t itanium_____________ .89 
~ylar _____________________ 1 .27 
F E P Teflon ________________ 1.56 

approaches that of glass fibers. Values for 
some other materials are shown in the table. 
All exhibit a maximum elastic strain well 
below that of the glass fibers. Thus, it is 
obvious that finding a nonelastomeric liner 
material can be a serious problem. 

From table II-I, it would seem that metal 
alloys would not be suitable for liners be
cause they do not have enough elastic stretch 
capability. This is unfortunate because 
metal liners have other characteristics that 
would make them extremely desirable, such 
as essentially zero permeability to flow of 
gas or liquid and chemical compatibility 
with nearly all fluids. The problem, there
fore, is how to increase their strain capa
bility. 

A possible solution to the problem is illus
trated in figure II-15. One way of making a 
metal tube stretch in a longitudinal direction 
is to form it into a bellows. In this manner 
the metal itself does not stretch much but it 
bends in the hinge points formed by the 
convolutions of the bellows. The bending 
stresses are kept below the elastic limit, but 
it is still possible to make bellows that will 
stretch more than 50 percent of their orig
inal length. An ordinary metal tube cannot 
stretch more than 1 percent of its original 
length without exceeding the yield point. 

The liner for a tank is a little more com
plicated than a bellows. When a bellows 
stretches in the longitudinal direction, it 
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F IGUR E II- 15.-Extensibili ty in liners. 

shrinks in the circumferential direction. A 
tank liner must be able to stretch in both 
directions at the same time. This means that 
we must be able to provide bellowslike hinge 
points in all directions, rather than in just a 
single direction as in an ordinary bellows. 
Fortunately, the liner will not have to 
stretch nearly as much as bellows have to. 

An approach that we have developed at 
NASA is illustrated schematically in the 
bottom sketch in figure II-15, which shows 
a series of wavelike convolutions in the liner. 
In this manner the liner can stretch a few 
percent in any direction. 

In preliminary tests conducted on a very 
crudely constructed liner of this type made 
of soft aluminum, the liner withstood 18 
pressure cycles installed in a glass-reinforced 
tank filled with liquid nitrogen. These pres
sure cycles strained the tank and liner 2 
percent on each cycle. Without building in 
these special convolutions, liners of all 
materials investigated failed during the first 
cycle or at the beginning of the second cycle. 

These results are very encouraging. Re
search is now getting under way on more 
refined embossed-type patterns for liners 
that permit extension in all directions with-
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FIGU RE II- 16.- Sapphire (AI20 a) whiskers. 
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FIGURE II- 17.- Material strength to density ratios. 

out exceeding the elastic strain capabilities 
of the liner material. 

To summarize the status of nonmetallic 
material research for application in pressure 
vessels, it has been shown that there are 
very substantial advantages to using fiber
reinforced plastics to reduce the weight of 
pressure vessels as a result of their very 
high strength to density ratios. At the pres
ent time, it is not apparent that any metal 
alloys will be competitive on the basis of 
weight. The potentials are very great, and 
fiber-reinforced plastics are being used in 
Polaris missiles, but there are still some 
problems involved for low-temperature ap
plication, particularly with finding suitable 
liner materials and configurations. We are 
confident that the solutions to these problems 
are not far away. 

The technology in reinforced-plastic mate
rials is quite new and it is growing rapidly. 
Metallurgical improvements have been made 

in alloys for many years, but it is really only 
in the last decade that reinforced plastics 
have been exploited for high-strength struc
tures. Active research is being conducted 
all over the country as well as here at Lewis 
on improved materials and new applications 
of these materials. We have really only 
scratched the surface in exploring the poten
tialities of fiber-reinforced plastics. In the 
future, these materials will find more and 
more use in applications presently reserved 
for metal alloys. 

FIBER METALLURGY 
The physicist has maintained for many 

years that the measured strength of engi
neering materials is far below the theoret
ical strength; in fact, measured strengths 
of pure metals are usually only 5 percent 
of the theoretical strength. The theory of 
dislocations has been developed to explain 
the low strength of engineering materials. 
Nevertheless, researchers have always been 
alert to the possibilities for finding materi
als that approach more nearly their theoret
ical strength. It is well known by now that 
such materials have been found in the form 
of small fibers called whiskers. Generally, 
whiskers have a diameter from about one
millionth of an inch to a few thousandths 
of an inch. Figure II-16 shows aluminum 
oxide (or sapphire) whiskers that have 
measured strengths of 1,800,000 psi. If these 
whiskers could in some way be incorporated 
to form a bulk material analogous to glass
fiber-reinforced plastics, perhaps phenom
enally strong materials might be realized. 

Figure II-17 compares the strength to 
density ratio of a variety of materials in
cluding iron, sapphire, and carbon whiskers. 
These values of about 7, 12, and 24 million 
inches are far greater than the values of 
about 1.5 million inches for metal alloys and 
represent the ultimate in what might be 
achieved in material strength. At Lewis and 
at other research installations in the country, 
the possibilities of producing composite 
materials from whiskers is being studied. 
Unfortunately, large quantities of whiskers 
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have not been available, so our studies have 
been conducted by using alternative materi
als, namely, fine wires. 

Figure II-18 shows some information 
about the strength of tungsten wires. On 
the right is a bar that indicates the strength 
of tungsten in normal bulk form, for in
stance, in a 1A,-inch-diameter rod at room 
temperature. The strength is about 80,000 
psi. As tungsten is drawn into finer and 
finer wire, strength increases until fibers 
about 0.0005 inch in diameter are formed 
and the strength is of the order of 600,000 
to 700,000 psi. Examples of the previously 
mentioned whiskers are also shown for com
parison. Lewis fundamental research has 
used fine wires of tungsten in the range 
shown. These fibers have strengths of 250,-
000 to 600,000 psi. We have been making 
bundles of these wires into solid rods, called 
composite materials, by bonding the tung
sten wires together with soft copper. A 
greatly enlarged view of one of these com
posite specimens is shown in figure II-19. 
The tungsten wires are actually about 0.007 
inch in diameter, the largest size that has 
been used. 

Figure II-20 shows the strength of the 
composites. On the left is shown the 
strength of bulk copper that bonds the wires 
together, and on the right is the strength 
of the tungsten wire used to produce the 
composites. The two central bars indicate 
the strength of the composites for various 
volume percents of fibers in the specimen. 
The strength is in almost direct proportion 
to the amount of fiber present. 

An important point is that these test spec
imens were made with long wires that were 
continuous from one end of the test spec
imen to the other. It is not too surprising 
then that good strengths have been achieved. 
The whiskers that have the truly phenom
enal strengths are not now available in such 
lengths, however, and may never be avail
able in quantity in lengths beyond a few 
tenths of an inch. Thus, the question is 
raised as to whether good strengths could be 
achieved if specimens were made having 
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noncontinuous fibers, that is, if all wires 
were of short lengths, none running from 
one end of the test specimen to the other. 

Studies have been made to investigate this 
point. Figure II-21 compares the strengths 
of specimens of copper containing 35 volume 
percent of discontinuous or short length 
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tungsten fibers with those containing the 
same amount of continuous fibers. It is of 
considerable interest that the data available 
to date indicate that composites containing 
discontinuous fibers have the same strengths 
as composites containing continuous fibers; 
high-strength bodies can be achieved from 
short-length fibers. 

Another point to be made is that these 
laboratory specimens are a clear demonstra
tion of the advantage of fiber composites. 
On the left the strength of copper bonding 
material is shown. The addition of 35 per
cent by volume of short tungsten fibers 
increases the strength of bulk copper by a 
factor of 4 to about 120,000 psi. On the far 
right the strength of bulk tungsten is shown. 
The composites of fibers of tungsten in cop
per have nearly twice this strength. 

A final point concerning whiskers can be 
made with the aid of figure II-22 , resulting 
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from studies at the General Electric Com
pany. Here the tensile strength of whiskers 
of aluminum oxide and bars of aluminum 
oxide ceramic are compared as tempera
ture is increased. The conventional ceramic 
bars lose strength rapidly as temperature 
is increased, whereas whiskers hold their 
strength without sudden dropoff almost to 
the melting point of aluminum oxide. Com
posites made from whiskers may also retain 
strength to very high temperatures and may 
be a basis for excellent very high-tempera
ture materials. 

Research on fiber metallurgy is of a fun
damental nature designed to examine the 
concepts and mechanisms of fiber strength
ening; thus, the combinations being studied 
are not yet of particular value as engineer
ing materials. The observations do serve 
to indicate the opportunity of achieving 
unusually strong and high-temperature ma
terials through research on composites util
izing fibers and whiskers. 

The purpose of this research is to develop 
new materials. There are other materials 
that are relatively new, at least as far as 
application is concerned. For certain appli
cations, materials such as beryllium and 
titanium are unsurpassed. 

BERYLLIUM 
Beryllium is one of the newer materials 

that has come into prominence in recent 
years, particularly in the aerospace field. 
Approximately 200 tons of beryllium were 
produced in the U.S. in 1962 with about 10 
percent going into structural applications, 
and it is finding increasing acceptance in 
structural applications in space vehicles as 
heat shields and guidance and optical parts, 
and is under consideration for jet engine 
compressor parts. 

Beryllium has several important physical 
characteristics that give it major advantages 
over other materials. For example, it has a 
higher heat capacity than any other metal. 
In other words, it is able to absorb great 
quantities of heat without melting. This 
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characteristic makes beryllium a useful ma
terial as a heat shield in space vehicles to 
absorb the heat created by air friction upon 
reentry into the Earth's atmosphere. 

Perhaps the most outstanding property of 
beryllium is its light weight. Figure II- 23 
illustrates the comparative weight of several 
of the lighter structural metals expressed in 
terms of weight percent of iron. Beryllium 
is approximately one-fourth the weight of 
iron, and it is considerably lighter t han 
either titanium or aluminum, which have 
approximately 55 and 35 percent, respec
tively, the weight of iron. 

The importance of light weight in any 
engineering application, particularly aero
space applications, is obvious; however, light 
weight alone is not enough. A metal must also 
be strong to be a useful engineering material. 
At the present state of development, beryl
lium alloys have strength to density ratios 
comparable with or slightly superior to tita
nium alloys up to temperatures of about 
1000° F. 

Beryllium has another characteristic that 
is important when heavy loads are applied 
to a part. This is its stiffness, or resistance 
to elastic deformation. In other words, how 
much force must be applied to stretch the 
material? Figure II-24 illustrates the stiff
ness of beryllium relative to other light
weight metals at several temperatures. Data 
for a stainless steel have also been included 
to provide a further frame of reference. 
Beryllium has more than twice the stiffness 
of titanium and more than four times that 
of aluminum. It is even approximately one
fourth greater than that of stainless steel up 
to about 1000° F. 

Unfortunately, beryllium has two major 
drawbacks associated with its use. The first 
of these is the problem of toxicity. The 
major hazard is due to inhalation of beryl
lium and beryllium compounds, which can 
cause irritation of the respiratory tract and 
lungs. By compliance with safe breathing 
concentrations established by the Atomic 
Energy Commission as the result of exten-

sive industrial experience, beryllium can 
now be machined and handled safely. 

The second and now the primary problem 
associated with the use of beryllium is its 
brittleness. Because the metal is brittle, 
it cannot be formed readily into complex 
shapes or into tubing and it has low fracture 
toughness in structures. Extensive research 
is under way in various organizations to 
establish the causes and provide a solution 
for the brittleness problem. This research 
includes attempts to make ultrapure beryl
lium in the hope that the removal of impuri
ties will reduce brittleness. Alloying with 
other metals and advanced and carefully 
controlled forming techniques have been ap
plied in fabrication of this metal. Alloying 
studies have resulted in some notable im
provements in ductility. Figure II-25 illus
trates the dramatic improvements in form
ability over unalloyed beryllium obtained 
with some beryllium-aluminum "alloys" re
cently developed by Lockheed. (These are 
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MATERIAL BEND ANGLE, DEG 

Be-31 4% AI ____ > 90 UNBROKEN 

Be-36 1% AI 

Be-430% AI 

BERYLLIUM 
A S -RECEIVED 

(CROSS-ROLLED) ....... . 

> 90 UNBROKEN 

> 90 UNBROKEN 

26 BROKEN 

FIGURE II-25.-Bend angle comparison between beryl
lium-aluminum alloys and unalloyed beryllium. 

not strictly alloys but rather composite 
materials with beryllium particles embedded 
in aluminum.} All of the beryllium-alumi
num alloy strips shown were bent through 
angles greater than 90° without breaking. 
The unalloyed metal broke after bending to 
only 26°. 

Notable advances are being made in beryl
lium technology which show promise that 
beryllium will come into its own as a struc
tural material, and that the advantages of 
low weight, stiffness, and high strength to 
weight ratio that beryllium affords may soon 
be utilized. 

TIT A IUM ALLOYS 
Although beryllium has a great potential 

because of its light weight and high strength, 
it cannot be used for a very wide range of 
applications. Titanium has the advantage 
over beryllium because it is ductile over an 
extremely wide temperature range, it can be 
frabricated relatively easily, and it is not 
toxic. 

As a result, titanium alloys exhibit a 
unique combination of light weight and out
standing mechanical properties, which make 
them well suited for wide ranges of service 
in aerospace industry. Titanium production 
has increased from about 100,000 pounds 
per year in 1950 to about 15,000,000 pounds 
per year at the present time. Approximately 
93 percent of this output is presently used 
in aerospace applications. 

EW TECHNOLOGY 

As can be said for any structural material, 
specific titanium alloys are tailored to spe
cific applications. To indicate the versatility 
of titanium alloys, its use for storing cryog
enic propellants such as liquid hydrogen, 
which has a temperature -423° F, will be 
discussed briefly, and later a higher tem
perature application will be discussed. 

For propellant storage tanks, the highest 
strength possible is desired to reduce weight, 
but at very low temperatures brittle frac
ture, as discussed previously, can become 
the limiting design factor. A large number 
of candidate materials were surveyed in an 
extensive research effort at Lewis, and a 
titanium alloy containing 5 percent alumi
num and 2.5 percent tin proved to be su
perior to others at liquid hydrogen tempera
ture. A simplified comparison of candidate 
materials is shown in figure II-26. The max
imum stresses are shown that could be used 
in pressure vessels containing small flaws or 
cracks for aluminum, stainless steel, and a 
titanium alloy. Some materials, such as cold
worked stainless steels, have strength prop
erties that differ in longitudinal and trans
verse directions of the sheet. By proper 
orientation, these materials can be used effi
ciently in cylindrical pressure vessels, but 
less efficiently in spherical pressure vessels, 
where the pressure-induced stresses are the 
same in all directions. The titanium alloy is 
shown to be dramatically. superior to both 
stainless steel and aluminum for spherical 
pressure vessels and somewhat better than 
stainless steel for cylindrical pressure ves
sels. 

This is not the complete story, however; 
the stainless steel suffers a serious joining 
problem. Because it derives its strength from 
heavy amounts of cold-rolling, fusion-weld
ing results in soft, weak joints that require 
weighty reinforcements. These reinforce
ments, themselves, present a serious crack
starting hazard. The titanium alloy, on the 
other hand, may be used in the annealed 
condition, so that the welds have essentially 
the same strength as the parent metal and 
do not need reinforcement as is required for 
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the stainless steel. This gives the titanium 
alloy a substantial advantage over, the stain
less steel that is not reflected in the represen
tation of figure II-26. Because of its decided 
superiority, a great deal of research has 
been conducted at this laboratory on the 
titanium alloy. Two findings are of great 
interest. 

The strength of titanium alloys is greatly 
influenced by the composition of certain 
alloying elements such as the gases hydro
gen, oxygen, and nitrogen and the elements 
carbon and iron. It has been shown at 
Lewis that increases in these elements, while 
increasing the strength, reduce the crack 
resistance of titanium alloys substantially. 
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FIGURE II-26.- Comparison of tank materials with cracks 
at liquid-hydrogen temperature. Sheet thickness, 
0.0.'\0 inch. 
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FIGURE II-27.- Fracture toughness of 5AJ-2.5Sn tita
nium alloy at liquid-hydrogen temperature. 

Such results are shown for the 5Al-2.5Sn 
titanium alloy in figure II-27. The solid bars 
represent the crack resistance of the tita
nium alloy as it is produced at the mill. 
Three compositions ar·e shown: a normal 
mill composition, a commercial low composi
tion, and a special laboratory composition 
that is extra low in the aforementioned 
elements. The crack resistance is seen to 
increase as the composition of these ele
ments decreases. 

An additional finding in our research is 
that the crack resistance of this alloy is sub
stantially improved by a modification to the 
commercial heat-treatment practice. This 
modification raises the crack resistance of 
the 5Al-2.5Sn titanium alloy beyond that 
of the extra low composition, suggesting 
that a change in heat-treatment practice 
may be used in a trade-off for composition 
control. 

Based on weight considerations, it would 
be desirable to make liquid oxygen tanks 
from titanium, but for this application ex
treme caution must be exercised because 
titanium is one of the most reactive metals 
known. Some time ago, there was some 
concern about whether a reaction might 
occur when liquid oxygen was in intimate 
contact with titanium. Under static condi
tions, no reactions occurred, but impact sen
sitivity still causes concern. A reasonably 
safe way of checking impact sensitivity is to 
fire a small projectile into a small tank con
taining the fluid to check compatibility. 

Impact sensitivity tests of this type were 
conducted on a variety of materials in con
tact with liquid oxygen. Of aluminum, steel, 
and titanium alloys investigated, only the 
titanium alloys were impact sensitive. For 
impacts in which there was sufficient energy 
to fracture the wall of tanks containing 
liquid oxygen, a reaction was started that 
continued until either the titanium face was 
consumed by burning or the liquid oxygen 
was exhausted. These reactions were quite 
violent with multiple explosions and gave a 
Fourth of July fireworks type of appearance. 
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From investigations of this type it was 
concluded that titanium pressure vessels 
should not be used in contact with liquid 
oxygen if there is a possibility of an impact 
occurring. 

One of the most promising applications of 
titanium at a higher temperature is in the 
structure of supersonic transports. Nearly 
all conventional aircraft are made of alumi
num, which is an excellent material for 
ordinary temperatures, but it loses strength 
very rapidly at temperatures above about 
350 0 F. Figure II-28 shows the tempera
tures that will be encountered on a super
sonic transport flying at three times the 
speed of sound (Mach 3). With tempera
tures like these, it will be necessary to build 
aircraft of titanium alloys, stainless steel, 
or what are called superalloys, which will be 
discussed later. 

The recently announced A-ll reconnais
sance aircraft, which flies at Mach 3, is fab
ricated of titanium. This is the first time 
titanium has been used for the entire fuse
lage in any aircraft, and a great deal of 
confidence in its continuing use has been 
expressed by aircraft manufacturers. This 
experience combined with our research on 
evaluating materials most suitable for super
sonic transports flying at Mach 3 indicates 
that the United States' supersonic trans
ports will be built of titanium alloys. 

At Lewis alone, over 3000 tests have been 
conducted to evaluate suitable supersonic 
transport materials. Some results from our 
screening program are shown in figure II-29. 
Here strength to density ratios are com
pared for two types of materials for a range 
of temperatures. Also shown are the oper
ating temperature ranges for several types 
of supersonic aircraft. 

Within the operating temperature range 
of the British-French Concorde Mach 2.2 
aircraft, the aluminum alloy 2014-T6 main
tains a high value of strength to density 
ratio. Because of our long experience in 
using aluminum alloys in aircraft, it was 
hoped that its use could be continued in the 
Mach 3 transport. Note, however, that the 
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FIGURE II-28.- T emperatures encountered on Mach 3 
superson ic transport. 
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FIGURE II-29.-Materia ls for exposed surfaces of super
sonic a irplanes. 

strength to density ratio of the aluminum 
alloy is reduced to extremely low values 
within the operating temperature range of 
the Mach 3 transport. At present, it appears 
that the titanium alloy 8AI-1Mo-IV would 
be a better material selection for the Mach 3 
transport because of its superior strength to 
density ratio and because it is a more stable 
alloy than the PH-14-8Mo. 

There are still some problems with the use 
of titanum that have not been completely 
resolved, and further research is being con
ducted. One of these problems is salt cor
rosion that can be encountered near sea 
coasts and when salt is used to clear snow 
from runways. Another problem is deter
mining the very long-time strength stability 
for a minimum operating life of 30,000 
hours. We do not feel that there are any 
insurmountable problems and think that 
titanium has a very bright future in super
sonic aircraft. 
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CREEP 
Up to now, failur€ that occurs either in a 

single cycle of loading or, as in the case of 
fatigue, in many cycl€s has boon discussed, 
but no mention has been made of the de
pendence of the strength of the mat€rial on 
the time to which it is subj€cted to loading. 
When high temperatures are considered, 
however, a new variable must 00 introduced, 
namely creep and stress rupture. 

When a material is loaded at elevated tem
peratures, it may not immediately fracture. 
Upon continued application of the load, how
ever, the material may continue to deform 
or "creep," and the time required to achieve 
a given amount of deformation is of consid
erable importance in design. After a suffi
cient time of loading the material may, in 
fact, rupture, with the time involved being 
known as the stress-rupture time. In rep
resenting the data, this time factor must 
thus be included, as illustrated in figure 
II-30. 

In the figure, the rupture time for a typical 
alloy at two temperatures is plotted on the 
horizontal axis and the stress on the vertical 
axis; thus to obtain the combination of stress 
and time to produce failure at 1200° F the 
upper curve is used, and for failure at 1300° 
F th€ lower curve is used. It will be noticed 
that the times of interest ext~md out in this 
curve to 100,000 hours. For other applica
tions the time of interest may be even longer. 
Obviously, therefore, it is not practical in 
many applioations to conduct tests to deter
mine the stress.-rupture properties of a mate
rial prior to the selection of the material 
when the application involves very long 
times. 

Consider, for example, the ~upersoni(l 
transport just discussed. Here the interest 
is in lives of the order of 30,000 to 40,000 
hours. Since there are many possible mate
rials and many methods of testing involved, 
and since 30,000 to 40,000 hours represent 
almost 5 years of continuous testing, it 
would appear impractical to laboratory test 
each of the materials of interest for the full 

rupture time involved. A more extreme case 
is that illustrated by nuclear equipment for 
generating electric power. Such powerplants 
have recently been introduced both in this 
country and in England. To be economically 
competitive with steam power generation, 
such equipment should operate for 20 to 30 
years before being replaced. Again it is 
impractical to laboratory test materials in 
this time range prior to selection as an oper
ating component. 

What we need, therefore, is a method of 
estimating the long rupture times involved 
without actually running the long-time tests. 
One method that has been developed at 
Lewis is known as the time-temperature 
parameter method, in which temperature is 
essentially substituted for time. The basis 
for this method is illustrated in figure II-31, 
which is the same as figure II-30 except that 
some dashed lines have been added. Suppose 
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FIGURE II-31.- Reduction of test time by increasing 
temperature . 
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we are interested in the stress-rupture time 
for 40,000 psi and 1200°F. The figure shows 
that the rupture time is 10,000 hours. But 
suppose we did not wish to devote 10,000 
hours to the test and chose instead to test 
at 40,000 psi and 1300° F. The rupture t ime 
would now be only 1000 hours. A method 
has thus been developed whereby the rup
ture conditions at one level of stress and 
temperature can be extrapolated to predict 
longer rupture times at the same stress and 
lower temperatures. The method for ac
complishing this is quite mathematical and 
beyond the scope of the discussion herein; 
however, it is outlined in our literature. 
Only one of the results obtained with this 
method is illustrated. 

To evaluate the validity of predictions 
made from tests conducted in the moderate 
time range, it was necessary to obtain check 
data in the extremely long-time range. A 
pr'0gram has been underway in Germany 
since World War II to evaluate several steels 
for turbine application. Some of these tests 
have already been r un for times exceeding 
100,000 hours. An arrangement was there
fore made with the German investigators 
whereby the NASA Lewis ReseaTch Center 
would be provided with a number Of spec
imens of the same material that is being 
evaluated in Germany. Our tests would be 
limited to the short-time range, for instance, 
of the order of 1000 to, at most, 10,000 
hours, and the results would be extrapolated 
in the long time range for comparison with 
the experimental German data. Figure II-32 
shows one of the results obtained. The time
temperature parameter P, which contains 
the rupture time t and the temperature T 
are shown. The solid lines represent predic
tions made on the basis of Lewis data in 
the moderately shart r ange. The experimen
tal data points are those obtained in Ger
many. The triangle on the right on the 
curve for 120,2° F is at a time very close to 
100,000 hours, and it agrees quite well with 
the predicted line for this temperature. Sev
eral such materials have been tested at Lewis 
with approximately equally good results. 
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FIGURE II-32.- Parameter extrapolations for German 
steel based on short-time ASA data. 

Our work is continuing in this field and we 
are verifying long-time data obtained at 
various laboratories by applying this method 
to predict such long-time data for various 
materials on the basis of short-time tests. 

NICKEL-BASE ALLOYS 
Many superalloys have been developed for 

use in the temperature range between ap
proximately 1500° and 2200 ° F by using con
ventional alloying techniques. Among these, 
nickel-base superalloys have become the 
workhorse materials for a variety of appli
cations such as turbojet engine components 
and structures of reentry vehicles in which 
high-temperature strength coupleq with gen
erally good oxidation resistance is required. 
Figure II-33 categorizes several genera
tions of superalloys since World War II. 
The two major variables affecting the life of 
a metal are the load or stress imposed upon 
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it, plotted along the vertical axis, and the 
temperature at which such load is applied, 
plotted along the horizontal axis . Various 
combinations of stress and temperature can 
give a desired life. One-hundred-hour life is 
a commonly used criterion in evaluating 
high-temperature materials, and this value 
has been chosen as the basis of comparison 
in the figure. The curve for Inconel X is 
representative of the strength level of both 
nickel- and cobalt-base superalloys shortly 
after World War II. Several generations of 
nickel-base alloys have been developed since 
then, with the general level of their capabil
ity defined by GMR 235 and cast Udimet 600. 

Research at Lewis is directed toward ex
tending the high-temperature capability of 
nickel-base alloys, and we are now working 
in the region beyond that defined by the 
curve for Udimet 600. When our program 
was initiated about 6 years ago, the develop
ment of nickel-base alloys had reached the 
level represented by the cast U dimet 600 
curve. This alloy gave approximately 100-
hour life at 1820° F and 15,000-psi stress. 
Substantial improvements in stress-rupture 
life as well as use temperature have since 
been realized with nickel-base alloys in in
dustry as well as at NASA. Illustrative of 
this improvement are the as-cast stress-rup
ture properties of the NASA TaZ-8 alloy 
shown in figure II-34. Temperature is plotted 
against life for a constant stress of 15,000 
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FIGUnE 1I- 34.- lmprovement in stress-rupture life of 
nickel-base alloys at ]5,000 psi . 

psi. A verage rupture life at about 1800° F 
was extended from approximately 100 to 
1200 hours. For an average life of 100 hours, 
use temperature was extended from about 
1800° to over 1900° F. 

It is interesting to note that, for reentry 
space vehicles, the constructional material 
experiences only short-time service: for 1-
hour life, temperatures near 2100° F can be 
endured by the NASA TaZ-8 alloy. 

COBALT-BASE ALLOYS 
In addition to the nickel-base alloys, 

cobalt-base alloys have potential for appli
cations where high-strength materials are 
requi'red in the intermediate temperature 
range between approximately 1500° and 
2200 ° F. Although emphasis was placed on 
nickel-base alloy development during the war 
years because of a shortage of cobalt, alloys 
of cobalt base are now being studied with 
increasing interest, and for good reason. 
Cobalt has a melting point of 2720° F, almost 
100 0 higher than that of nickel. This sug
gests a somewhat higher use temperature 
rotential than that for nickel-base alloys. 

Our main interest has been for applica
tions in space, where cobalt-base alloys have 
a few additional potential advantages, but 
the conventional cobalt-base alloys also have 
a disadvantage. On the credit side, consider 
the compatibility with mercury used as a 
heat-transfer fluid in space power systems. 
The compatibility of cobalt is better than 
that of nickel-base alloys. Also, both cobalt 
and nickel are magnetic at room tempera
ture, but cobalt retains magnetic properties 
to a higher temperature than nickel, higher 
in fact than any other metal. Cobalt-base 
alloys thus afford the best potential for ap
plication to high-temperature generator com
ponents of turboelectric power systems. 

On the debit side is the evaporation prob
lem in the vacuum of space. All conventional 
cobalt alloys contain 20 to 25 percent of 
chromium to achieve suitable oxidation re
sistance and strength. Space, however, is an 
excellent vacuum, and oxidation resistance 
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is not required. On the other hand, at high 
temperatures in this vacuum, solid metals 
tend to vaporize or sublime in a fashion 
analogous to dry ice at room temperature. 
Chromium is one metal that vaporizes most 
rapidly. Figure II-35 illustrates what can 
happen to an alloy containing a high per
centage of chromium (in this case 20 per
cent) on exposure for a relatively short 
time (250 hr) at 1500 0 F in a vacuum of 
10- 5 millimeter of mercury. This is the metal 
as seen in a metallurgical microscope at a 
magnification of 250. The metal matrix 
shows considerable porosity near the ex
posed surface due to the selective evapora
tion of the chromium. Obviously, the struc
tural integrity of such an alloy will be 
adversely affected as this evaporation proc
ess continues. 

It is thus obvious that, for use in vacuum 
environments, we should emphasize alloying 
additions that have the least tendency to 
evaporate. Figure II-36 shows the rate of 
evaporation of several metals. They are 
compared on the basis of the temperature at 
which 0.010 inch would be lost from the sur
face in 1 year in service. Shown is the use 
temperature for cobalt on this basis, about 
2000 0 F. To the right of cobalt are metals 
that evaporate more rapidly and thus should 
not be alloyed with cobalt. On the left of 
cobalt are many metals that evaporate more 

FIGURE II- 35.-Selective evapora tion of chromium from 
Nichrome heater wire. Temperature, 1500° F ; t ime, 
250 hours; pressure, 10'5 millimeter of mercury; X 145. 
(Reduced 42 percent in print ing.) 

E W TECH NO L OGY 

slowly. Of most interest are the refractory 
metals, tungsten, tantalum, columbium, and 
molybdenum. 

Some recent data by Russian investigators 
have come to light which suggest that there 
may be a point of controversy as to the vapor 
pressures and thus the evaporative loss rates 
of metals such as cobalt and nickel. Until 
these new data that predict very high evap
oration rates in space can be checked, the 
data described herein are believed to repre
sent the most accepted data on this subject. 

Lewis is engaged in a program to provide 
high-strength cobalt-base alloys that are 
strengthened primarily by low volatility 
alloying constituents such as the refractory 
metals. Chromium is either not used or used 
only in small quantities not exceeding 3 per
cent. Figure II-37 compares the stress-rup
ture properties of the strongest cobalt
refractory-metal alloy developed in this 
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program to date with the stress-rupture 
properties of two conventional (i.e., high 
chromium) cast cobalt-base alloys, WI-52 
and HS-31. The data fOT the conventional 
alloys are for a temperature of 1800° F and 
the data for the NASA alloy are at 1850° F. 
All data were obtained in air with no pro
tective coating on the experimental alloy. 
Even a t a 50° higher temperature the NASA 
alloy is stronger than the commercial alloys. 

It should not be inferred that the oxidation 
resistance of these experimental cobalt
refractory-metal alloys is as good as that of 
high-chromium-bearing superalloys; how
ever, the cobalt-refractory-metal alloys do 
not oxidize catastrophically and have at 
least limited applicability in the uncoated 
condition in an air environment. The pro-
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FIGURE II-38.- Comparison of cobalt- and nickel-base 
alloys. Stress, 10,000 psi . 

STRONGEST CONDITION 

VISIOn of suitable coatings would, of course, 
further enhance their usefulness in oxidizing 
environments. 

A comparison of the general status of 
cobalt- and nickel-base alloys is provided in 
figure II-38 for a NASA cobalt-refractory
metal alloy and a strong nickel-base alloy, 
SM-200. The stress was held constant at 
10,000 psi. The interesting feature illus
trated here is the crossover in the strength 
curves. At temperatures below approxi
mately 2000° F, the nickel-base alloys are 
generally stronger. Above this temperature, 
cobalt-base alloys tend to have a strength 
advantage. 

Research with cobalt--refractory-metal 
alloys is continuing at Lewis to extend their 
high-temperature capability and hopefully 
to develop improved high-temperature mag
netic materials. 

DISPERSION-STRENGTH ENED 
MATERIALS 

For cobalt- and nickel-base alloys, pure 
metals were alloyed to improve their 
strength. The alloys that are best at high 
temperatures usually contain second phases 
or precipitates in their structure as shown 
in figure II-39 for the structure of a high
temperature alloy as seen in the metallur-
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gical microscope at a magnification of 750. 
The small particles shown tend to key the 
structure-to make it resist flowing or de
forming under load and thus to make it 
strong. For highest strengths, it is impor
tant that these particles be very small and 
very close together. Generally, the closer the 
particles are to each other, the greater the 
strength. Particles about 1j2-millionth inch 
in diameter and 10-millionths inch apart are 
.desired. The metallurgist can alter this 
structure by heat treatment. At very high 
temperatures, the particles will dissolve into 
the solid matrix, and at lower temperatures 
the particles will reprecipitate or reform. 
Unfortunately, as an effort is made to use 
the alloys at higher and mgher tempera
tures, the temperature at which the alloy is 
to be used is the temperature at which the 
particles dissolve into the matrix, and thus 
the strength is lost. As a rule of thumb, 
alloys rapidly lose their strength at about 
70 percent of their melting point. 

To raise the use temperature of alloys, 
metallurgists are trying to apply the meth
ods of powder metallurgy to produce "dis
persion-strengthened" alIoys. The idea is to 
distribute small particles that will strengthen 
but will not dissolve into the metal. Recently 
available commercial materials are alumi
num oxide distributed in aluminum and 
thorium oxide in nickel. The strength of the 
dispersion-strengthened nickel is shown in 
figure II-40, which is a plot of stress for 
rupture in 100 hours against temperature in 
OF. Shown as dashed lines are the strengths 
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FIGURE II-40.-High-temperature strength comparison of 
dispersion-strengthened nickel and conventional super
alloys. 
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FIGURE II- 4L-Conductivity of dispersion-strengthened 
metal compared with unstrengthened metal. 

of two conventional superalloys of the type 
discussed previously. The solid line is disper
sion-strengthened nickel. Most impressive 
is the flat slope of the strength curve for the 
dispersion-strengthened nickel: it does not 
lose strength rapidly as temperature is in
creased. Although the conventional alIoys 
are stronger at low temperatures, they 
rapidly lose strength as temperature is 
increased, because the particles that are 
largely responsible for strengthening are 
dissolving into the metal. The thorium oxide 
particle in the dispersion-strengthened nickel 
is stable and strength is retained. 

Another advantage of dispersion-strength
ened materials is retention of physical 
properties not possible in alloys. Alloying 
severely reduces thermal conductivity and 
electrical conductivity. For example, just 2 
percent of aluminum added to copper re
duces the thermal conductivity of copper by 
75 percent. This fact can be shown also for 
the nickel-base materials just discussed. 
Figure II-4l shows the thermal conductivity 
of nickel and the conductivity of a high
strength nickel alloy. The alloy has only 
10 percent of the conductivity of pure 
nickel. The previously described dispersion
strengthened nickel strengthened by the 
addition of 2 volume percent of discrete 
particles of thorium oxide has 90 percent 
of the conductivity of nickel. Thus, com
posite materials offer opportunities to de
velop materials with unique combinations 
of properties. 
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As mentioned previously, dispersion
strengthened materials generally achieve 
greater strength as the distance between the 
hard particles is reduced. Spacings between 
the particles of as little as 10-millionths inch 
are sought. One way of achieving such fine 
spacing is to make the material by blending 
ultrafine powders of metal and the hard par
ticles. This process requires the availability 
of extremely fine powders. Fine powders of 
the hard component were readily available. 
One method of producing these is by ball
milling, a process illustrated in figure II-42. 
A container partly filled with balls of a hard 
material such as tungsten carbide is shown. 
Coarse powders of the material are placed 
in the container along with a fluid such as 
alcohol. The containers are rotated causing 
the balls to impact the powders thus fractur
ing them and reducing their particle size. 
As stated, this works well for hard, brittle 
ceramics, but when soft metal powders were 
ball-milled, the process was unsuccessful. 

Figure II-43 illustrates the problem of ball
milling soft metal powders. The particle size 
is plotted against the milling time in hours. 
As shown, the particle size of soft metal 
powders is reduced for a period of time, but 
then the soft particles began to stick to
gether or agglomerate and become larger 
rather than smaller. Our metallurgists have 
learned that, when certain chemicals are 
added to the grinding fluids, the metal 
powders no 10nger stick together but con
tinue to diminish in particle size. This 

FIGURE I1-42.-Ball milling of powders. 

phenomenon is shown in figure II-44. The 
dashed curve is from figure II-43. The solid 
line shows how the particle size continues 
to diminish when the additive is used. After 
milling for 15 days by using a chemical 
additive in ethyl alcohol, the particle size 
of all powders averaged less than 4-millionths 
inch and probably as small as I-millionth 
inch. This powder has about the same par
ticle size as cigarette smoke. 

Another way to illustrate the extremely 
small particle size of these powders is to 
demonstrate a problem encountered work
ing with them in our laboratory. When 
metal powders are extremely fine, the sur
face area per unit weight increases dramat-
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FIGURE II-43.- Variation of particle size during ball 
milling of soft metal powders. 
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ically. For example, if a I-inch cube of 
material were cut in half, more surface area 
would be added. If the cube is subdivided 
further until the particle size of I-millionth 
inch is reached, the surface area of the metal 
in the cube will be increased by a factor of 
1 million. Chemical reactions are highly 
dependent upon surface area. An ordinary 
piece of tungsten could be heated to its melt
ing point, 6170° F, in air. It would oxidize, 
of course, but if the source of heat were 
removed, it would rapidly cool to room tem
perature without further significant reac
tion. Ultrafine powders, however, are ex
tremely reactive. If poured out into a dish, 
they will oxidize rapidly and may ignite and 
burn spontaneously. If blown into the air 
like dust, they can explode. 

The process for producing ultrafine metal 
powders developed here at Lewis involves 
an improvement in the ball-milling process 
by the use of special chemical additives to 
ball-milling fluids. Other methods such as 
vapor deposition are now available com
mercially for producing ultrafine powders. 
These other processes, however, are limited 
in their application to pure metals or to cer
tain simple alloys. The process just de
scribed is the only process that can readily 
be applied to any complex alloy of any metal. 

REFRACTORY MATERIALS 
U sing the dispersion-strengthening tech

nique discussed earlier makes it possible to 
retain useful strengths in nickel- or cobalt-
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FIGU RE 1I- 45.- Melting point.'! of materials. 

base materials to temperatures of about 
2000° to 2200° F; however, the relatively 
low melting points of these materials, about 
2650° F for nickel and 2720° F for cobalt, 
impose a firm upper limit on their use. There 
are many applications where materials that 
can be used at very much higher tempera
tures are needed. For example, in solid
propellant rocket nozzles, material tempera
tures may reach 5000° to 6000° F. To meet 
such needs, we have to go to a different 
class of materials with melting points thou
sands of degrees higher than those of the 
nickel- and cobalt-base superalloys. These 
high melting materials are commonly re
ferred to as refractory materials. Figure 
II-45 compares the melting points of some 
of these materials. There are only four read
ily available metals with melting points 
above 4000° F, columbium, molybdenum, 
tantalum, and tungsten. The highest melting 
of these, tungsten, has a melting point of 
about 6170° F. In addition to these metals, 
there are quite a few refractory compounds 
with high melting points. These include the 
ceramic oxides, nitrides, borides, and car
bides. Of these materials, the carbides of 
tantalum and hafnium have the highest 
melting points, about 7000° F. 

There are a fairly large number of mate
rials that are potentially useful at very high 
temperatures. Our problem is to learn how 
to use these materials, how to take advan
tage of their desirable properties, and how 
to minimize or design around their limita
tions. Actually, very little is known about 
the physical and mechanical properties of 
most of these refractory compounds. Much 
of our research on these materials has con
centrated on simply making them in high
purity high-density form so that their proper
ties can be studied and they can be used as 
the need arises. 

Fortunately, considerably more is known 
about the properties of the refractory met
als. Because of their potential usefulness 
at very high temperatures, these metals 
have been studied extensively by many 01'

ganizations in recent years. 

_ __ -1 
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It is convenient to group the refractory 
metals into two classes based on their strength 
and ductility. Tungsten and molybdenum 
have the best high-temperature strength but 
tend to be brittle at low temperature. Tan
talum and columbium have excellent low
temperature ductility but comparatively poor 
high-temperature strength. Figure II-46 
compares the strengths of these metals at 
temperatures above 2000° F. The strength 
of tungsten is much higher than that of 
the other refractory metals. None of them, 
however, has particularly good strength at 
high temperatures, and alloying is required 
to provide sufficient strength for many high
temperature applications. 

There is also a large difference in the low
temperature ductility of these metals. This 
difference is shown schematically in figure 
II-47, where ductility is plotted against tem
perature in of. At sufficiently high temper
atures, alJ the refractory metals have high 
ductility. As the temperature is lowered 
all except tantalum undergo a relatively 
sharp transition from ductile to brittle be
havior, as indicated by these curves. It is 
common to refer to the temperature corre
sponding to the midpoint of these curves as 
the ductile-brittle transition temperature. 
Thus tungsten has the highest transition 
temperature, usually about 300° to 400° F. 
The transition temperature of unalloyed 
molybdenum usualJy lies very close to room 
temperature. Columbium undergoes this 
transition from ductile to brittle behavior 
at temperatures near -300° F, while tan
talum apparently exhibits no sharp transi
tion but retains good ductility even below 
-400° F. The differences in ductility of these 
metals is reflected in their ability to be 
joined by welding. Both tantalum and co
lumbium can be readily welded to produce 
joints with good strength and ductility at 
room temperature; on the other hand, welds 
in molybdenum and tungsten tend to be very 
weak and brittle at room temperature. 
For this reason, joints in tungsten and mo
lybdenum are usually made by mechanical 
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FIGU RE II-46.-High-temperature tensile strength of un
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FI GU RE II-47.- Ductile-britt le t ransition for unalloyed 
refractory metals. 

techniques such as riveting rather than by 
welding. 

Over the last decade, considerable effort 
has been devoted to improving the properties 
of the refractory metals by alloying. For the 
most part, alloying of tantalum and colum
bium has had the goal of improving the 
high-temperature strength while retaining 
the excellent low-temperature ductility of 
these base metals. The progress that has 
been made in this direction is shown in 
figure II-48, where tensile strength is plotted 
as a function of temperature from 2000° to 
3000° F for two commercially available co
lumbium and tantalum alloys along with 
similar data for the unalloyed metals. It is 
apparent that alloying has been very effec
tive in increasing high-temperature strength. 



L 

58 co FEREN CE ON NEW TECHNOLOGY 

80 

ULTIMATE 60 
TENSILE 

STRENGTH, 

LB/SO IN. 40 

20 

2000 2200 2400 2600 2800 3000 
TEMP, OF 

F IGURE II-48.- High-tempera ture st rength of fabricable 
columbium and tanta lum a lloys. 

ULTIMATE 

TENSILE 

STRENGTH, 
LB/ sa IN . 

TZM - Mo+0.5 Ti +0.1 Zr 

60 

40 

20 

o~--------~--------~------~ 
2000 2500 3000 3400 

TEMP. OF 

F IGU RE II-49.-High-tempera ture strength of molyb
den~m and commercial molybdenum alloy. 

60 

STRENGTH, 4 0 
LB / SO IN . 

20 

TEMP, OF 

F IGURE II- 50.- Compara ti ve st rengths of several ma
terials. 

Both these commercial alloys also have excel
lent low-temperature ductility, even at liquid 
nitrogen temperature (-321°F). 

Alloying of molybdenum has been con
ducted in an effort to improve both high
temperature strength and low-temperature 

ductility. The high-temperature tensile 
strengths of molybdenum and a molybdenum 
alloy are shown in figure II-49. The com
mercial alloy TZM, which contains about 
O.5Ti-O.1Zr and a small amount of carbon, 
has the best combination of strength and 
ductility of the available molybdenum alloys. 
In addition to its good high-temperature 
strength, as shown here, this alloy in sheet 
form has a transition temperature near 
-100° F. 

Until recently, tungsten alloys have re
ceived comparatively little study. Here at 
Lewis, however, we have been studying 
tungsten alloys because of our interest in 
tungsten for possible use in advanced nu
clear rocket engines. 

TUNGSTEN ALLOYS ' PROGR AM 

Our work on tungsten alloys is aimed at 
improving both high-temperature strength 
and low-temperature ductility. The reason 
for wanting to improve the high-tempera
ture strength of tungsten is shown in figure 
II-50, where tensile strengths of steel, high
temperature superalloys, and tungsten are 
compared as a function of temperature. Al
though tungsten has good strength at tem
peratures where these materials are very 
weak, its strength decreases rapidly with 
increasing temperatures. At 3000° F, the 
tensile strength of unalloyed tungsten is only 
about 20,000 psi; at 4000° F , it is less than 
5000 psi. Remembering that tungsten is a 
very heavy metal, with a density of about 
two and one-half times that of steel, we can 
appreciate that use of tungsten at such low 
strength levels would result in a severe 
weight penalty. Thus, there is a real incen
tive to develop tungsten alloys with better 
high-temperature strength. Some of the 
progress that has been made at this Center 
in alloying tungsten is shown in figure 
II-51, which shows the ultimate tensile 
strength of unalloyed tungsten and several 
experimental tungsten alloys as a function 
of temperature. Very small alloying addi
tions are very effective in increasing high-

-----I 
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temperature strength. For example, an 
addition of only 0.4 percent hafnium more 
than doubles the tensile strength at 3000 0 F. 

The strongest alloy produced to date is the 
ternary aHoy containing small amounts of 
columbium and carbon. At 3000 0 F, this 
alloy had an ultimate tensile strength of 
73,000 psi; to the best of our knowledge, 
this is the highest strength yet reported 
for any material at this temperature. The 
strength of this alloy decreases rapidly with 
increasing temperature, but at 3500 0 F, it is 
still almost three times as strong as un
alloyed tungsten. 

Significant progress has been made in im
proving the high-temperature strength of 
tungsten by alloying. If tungsten is to be a 
really useful metal, however, its poor room
temperature ductility will have to be im
proved. Although parts utilizing this metal 
are always intended for use at very high 
temperatures, room-temperature ductility is 
desirable to permit the parts to be handled 
and shipped without danger of fracture. 
In addition, most parts return to room tem
perature at some time during their service 
history. If they are very brittle, they would 
be fragile and subject to fracture by residual 
stresses. Some recent developments hold 
considerable promise in providing a tung
sten material that is not brittle at room 
temperature. 

For some time, we have been trying to 
improve the room-temperature ductility of 
tungsten by increasing its purity. This ap
proach seemed logical since there is consid-

erable evidence that the brittleness of tung
sten is associated with the presence of very 
small quantities of impurities, such as car
bon or oxygen, which concentrate at grain 
boundaries and embrittle them. The method 
used to purify tungsten is to melt it repeat
edly in high vacuum, thus boiling off the 
embrittling impurities. Although improve
ments in ductility were achieved, it became 
apparent that the purification attained in 
this way would not by itself produce tung
sten with good room-temperature ductility. 

Alloying is another way to improve duc
tility. For example, alloying elements may 
react with embrittling impurities and tie 
them up in a form that is less harmful to 
ductility. Of all the metals studied, only 
one metal, rhenium, greatly improves the 
ductility of tungsten. The magnitude of the 
improvements achieved by alloying with 
rhenium is shown in figure II-52, which 
indicates the ductile-brittle transition tem
perature in bending for unalloyed tungsten 
and two tungsten rhenium alloys. This 
transition temperature should be below room 
temperature. The bar indicates the transi
tion temperature for unalloyed tungsten, 
ranging from about 200 0 to about 500 0 F. 
Several years ago, transition temperatures 
of tungsten sheet were frequently as high 
as 500 0 F. In the last 2 or 3 years, improve
ments in purity and process control have 
lowered the transition temperature to about 
200 0 F for the best available unalloyed ma
terial. 
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It has been known for several years that 
the addition of 25 percent rhenium to tung
sten by powder-metallurgy techniques low
ers the transition temperature of tungsten 
slightly below room temperature, generally 
in the range from 0° to 70° F as shown here. 
The main trouble with this alloy is that it is 
very expensive. Rhenium is a comparatively 
rare metal that is more expensive than gold. 
Although this alloy has found use in highly 
specialized applications, such as thermo
couple wires and sheaths, its high cost is 
prohibitive for most structural applications. 

Recently the properties of tungsten were 
investigated with much lower rhenium con
tents-about 3 to 7 percent. These alloys 
were made by melting in high vacuum in 
an electron-bombardment furnace, with the 
assumption that the higher purity of alloys 
made in this way would favor improved duc
tility. This study indicated that a vacuum
melted alloy containing only 3 percent 
rhenium has significantly better ductility 
than unalloyed tungsten. In fact, as indi
cated here, a sheet O.04-inch thick of the 
vacuum-melted tungsten 3-percent rhenium 
alloy showed good bend ductility at room 
temperature. Although this is a preliminary 
observation that needs confirmation, it sug
gests that a combination of purification by 
vacuum melting and alloying with small 
amounts of rhenium may yield a reasonably 
inexpensive tungsten alloy with good room
temperature ductility. 

OXIDATION PROTECTION 

A problem of concern with all refractory 
metals is oxidation at temperatures above 
just a few hundred degrees Fahrenheit. 
Tungsten and molybdenum form vapor ox
ides so that the material can completely 
disappear when heated in an air environ
ment. The other refractory metals form 
loose scales but still oxidize catastrophically. 
Considerable research has been conducted 
on alloying programs to reduce oxidation in 
the manner similar to that for iron and 
nickel in which chromium and aluminum 

are added to form an adherent oxide scale 
that inhibits further oxidation. 

This approach reduces oxidation rates for 
refractory materials, but the rates are still 
exhorbitant for very long-time application 
in air. For application in the high vacuum 
of space, the refractory metals are very 
satisfactory for high-temperature applica
tion since there is no oxygen present to form 
an oxide. 

Extensive research has been conducted 
on oxidation protection of columbium and 
molybdenum by alloying. The results indi
cate that the required oxidation resistance 
cannot be obtained without severely decreas
ing high-temperature strength and low-tem
perature ductility. Consequently, emphasis 
has shifted to providing oxidation protection 
by the application of coatings. 

Over the last decade, many organizations 
have been working to provide suitable oxida
tion-resistant coatings for the refractory 
metals. Figure II-53 shows the current 
capability of some of these coatings. The 
temperature to which each refractory metal 
can be protected with currently available 
coatings for I-hour operation in air is rep
resented by the height of the vertical bars. 
Within each bar is shown the composition 
of the coatings as applied. At the top of each 
bar the compounds are shown that form 
during heating and provide oxidation resist
ance. 

Coatings for columbium and molybdenum 
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have been extensively studied for use in 
reentry gliders and represent a relatively 
advanced state of development. Their capa
bility for I-hour service is limited to tem
peratures of 2800° to 3000° F. Coatings for 
tantalum and particularly for tungsten have 
received very little study, and the coatings 
shown here have not yet been extensively 
evaluated. Thus, the temperature capabil
ity indicated should be considered only tenta
tively. 

Although the constituents of the coatings 
applied are substantially different, the oxi
dation resistance at high temperatures is 
generally provided by an oxide that forms 
on heating in air. For columbium, molyb
denum, and tungsten, the oxide is usually 
silica (Si02 ), a glass, or a silica-containing 
compound. The presence of a viscous glass 
coating on the surface provides some degree 
of self-healing of defects that may develop 
in the coating. 

Figure II- 53 gives a general representa
tion of our current status. These data are 
for the relatively short time of 1 hour in 
static air. Continued efforts are necessary 
to improve the reliability of coatings and to 
extend their useful life and temperature 
capability. 

Although coatings can provide excellent 
protection, oxidation may occur at a cata
strophic rate if the coating develops a defect. 
One common type of coating failure is "spal
ling" or cracking away of the coating from 
the metal being protected. This type of 
failure can often be traced to inadequate 
bonding of the coating to the base metal. 
Bonding is illustrated schematically in figure 
II-54. 

On the left is the type of bond frequently 
associated with coating failures. Here the 
interface between the coating and substrate 
is easily distinguishable by the discontinuity 
in the grain structure. Such a bond is purely 
mechanical in nature and usually is very 
weak. 

On the right is the type of bond that is 
desired. The original interface is not dis
tinguishable. There has been interdif-

rT""TrT77TTT7T77>o_-C OATI N G -~..r7-r-r.7T"'"Tr1 

~'.jjJJ-~~--ORIGINAL __ .r'< 

INTERFACE 

SUBSTRATE 

MECHANICAL BONDING DIFFUSION BONDING 

FIGURE II- 54.-Bonding of coatings. 

fusion of the components of the coating and 
substrate, resulting in continuity of grain 
structure across the interface. Such a bond 
can be very strong. 

The quality of the bond depends strongly 
on the coating conditions. To obtain a good 
bond, the interface between coating and sub
strate must be clean, and there must be an 
opportunity for diffusion, or atomic inter
action, between the components of the coat
ing and the substrate. 

One coating process that is of particular 
interest to us is plasma spraying. In this 
process, the coating material in powder form 
is carried in a gas stream through an electric 
arc. The particles are heated to very high 
temperatures and sprayed at high velocity 
onto the piece to be coated. Figure II-55 
shows a plasma torch in operation. The 
operator is seen spraying a coating onto the 
workpiece from this plasma torch. 

As this process is usually conducted, the 
heated particles strike a relatively cool 

FIG U RE Il- 55.- Application of sprayed-on coatings with 
plasma torch. 



62 CONFERE CE ON NEW TECHNOLOGY 

F IGURE 1I- 56.-Cross section of coating and substrate. 
X 4, lOO. 

surface to be coated and are immediately 
chilled. Thus, there is little opportunity for 
diffusion to occur, and the bond is usually 
only a mechanical one. To improve plasma
sprayed coating, a systematic study of many 
of the variables in the coating process was 
made including the influence of substrate 
temperature. Significantly, by preheating 
the substrate to a temperature less than 
one-half of its melting point, true diffusion 
bonds were achieved between a metallic 
coating and the substrate. Preheating was 
accomplished simply by directing the hot 
gas from the torch onto the workpiece prior 
to starting the flow of the coating material. 
An example of an actual bond achieved in 
this way is shown in figure II-56, where a 
polished section through the coating and the 
substrate is shown as seen through a micro· 
scope of a magnification of about 10,000. 
Grain growth has taken place right across 
the region of the original interface in the 
fashion that provides good bond strength. 

Our work to date has been conducted with 
metallic rather than ceramic coatings, but 
we believe that the principle demonstrated 
is a valid one that should find wide practical 
application. 

PYROL YTIC GRAPHITE 
Pyrolytic graphite is a relatively new form 

of graphite that exhibits desirable proper· 

ties for space systems as well as industrial 
applications. The usual forms of graphite 
are made by reacting mixtures of coke and 
coal tar. Pyrolytic graphite, on the other 
hand, is made by a vapor-deposition process. 
While usual forms of graphite have their 
crystallites arranged in a random manner, 
the crystals of pyrolytic graphite grow from 
the vapor in a highly oriented manner, giv
ing a structure quite analogous to a deck of 
cards. It is this high degree of orientation 
of pyrolytic graphite plus its unusual purity 
that impart its unique properties. If meas
urements are made perpendicular to the 
material surface or parallel to the surface, 
the properties show great variation. 

An outstanding illustration of this direc
tional variation is indicated in the thermal 
conductivity of pyrolytic graphite. Figure 
II-57 shows two pieces of graphite being 
heated by a torch. The conventional graphite 
on the left shows a general glowing in the 

ORDINARY GRAPHITE PYROL YTIC GRAPHITE 

FIGU RE Il- 57.-Heat conduction in ordinary and pyro
lytic graphite. 
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area of the torch. The pyrolytic graphite on 
the right is seen to conduct heat along its 
surface rather than through the sample. In 
fact, in such a test the rear of the sample 
remains cool to the toucn. The conductivity 
along the surface is 100 times the conductiv
ity in the thickness direction. Along the 
surface the conductivity is as good as copper, 
one of the best conductors. Through the 
thickness, pyrolytic graphite is one of the 
best high-temperature insulators with a con
ductivity less than that of zirconium oxide 
ceramic. 

This ability to conduct heat primarily in 
one direction makes pyrolytic graphite of 
interest for space applications such as nose 
cones and leading edges of reentry vehicles. 
The use of pyrolytic graphite would allow 
heat conduction along the surface rather 
than through the piece and thus would pre
vent excessive heating of underlying struc
tural members. Pyrolytic graphite also 
shows improved strength and oxidation re
sistance over conventional grades of graph
ite. 

As promIsmg as this material appears, 
there still is much to learn about the mate
rial and the process by which it is formed. 
The thermal expansion of this material also 

varies in different directions, so that severe 
stresses can result from this varying expan
sion rate. ro circumvent such a problem, 
design criteria must be established for the 
successful application of pyrolytic graphite. 

CONCLUDING REMARKS 
An effort has been made to present a brief 

sketch of recent progress in the materials 
field. While the j]]ustrations have been 
drawn from results of programs intended 
largely for contributions to aerospace appli
cations, it is evident that in materials, per
haps more so than in any other field, devel
opments are directly translatable to other 
technological applications. Because high 
strength, light weight, resistance to tem
perature, to fatigue, and to oxidation are 
important in so many everyday structural 
applications, some of the contributions dis
cussed carryover directly. Others may take 
some time to become useful, or the useful
ness may be indirect. 

Better materials for space application 
may find their use in industrial vacuum 
technological applications-a field of ever 
growing importance. Likewise, materials 
for low-temperature use are becoming of 
increasing interest in many industrial appli
cations. 

---1 
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III. Electric Power Generation 
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NEW DEVELOPMENTS in electric power 
generation that have their origins in the 
space program or allied programs are dis
cussed. The discussion is slanted toward the 
possible future application of these develop
ments to Earth-bound applications. 

The need for electric power in space ve
hicles is obvious. It is not surprising that a 
large effort is directed into research and 
development of power systems suitable for 
use on spacecraft. The space power program 
has generated some new ideas, and it has 
taken old ideas and developed them in new 
directions. An example of the latter is the 
simple battery, such as a flashlight or auto
mobile battery. Batteries were developed and 
put into widespread use long before the com
ing of the space age. Space applications, 
however, placed stringent new demands on 
batteries. New battery developments have 
been directed toward meeting these require
ments. The results are batteries with new 
characteristics which, in all probability, will 
be useful in more common applications. 

Although the NASA space program has 
been a major stimulant to the development 
of new power systems, other programs of 
government and industry have played a large 
part in power generation. In fact, the cross
feed of ideas among these programs is so 
extensive that a clear separation is imprac
tical. This discussion is not limited solely to 
NASA or Lewis Research Center contribu
tions; developments are discussed without 
regard to their origin. 

The topics discussed are batteries, solar 
photovoltaic cells, thermoelectric converters, 
fuel cells, turbine conversion systems, mag
netohydrodynamic converters, and thermi
onic converters. In each case, the funda
mental principles are explained briefly, the 
state of the art with respect to space appli
cation is discussed, and some guesses are 
made concerning applications to everyday 
living. 

There is some uneasiness about the guesses 
concerning possible future applications. It 
is realized that many economic, managerial, 
and even political considerations are impor
tant in such applications; therefore, the sug
gestions should be treated as guesses, not as 
recommendations. 

BATTERIES 

Batteries were a logical choice for the 
power systems for early spacecraft and wilI 
continue to play an important part in the 
spa-ce power program. At the same time, 
batteries represent a sizeable commercial 
industry for which the Federal Government 
is a major customer. Although batteries are 
items with which we have contact every day, 
the principle behind their operation is not 
generally known. We are all familiar with 
a general type of chemical reaction process 
called combustion (fig. III-I). The burning 
of natural gas with air in your home furnace 
and the burning of gasoline in an automobile 
cylinder are typical examples. In each case, 
one substance acting as a fuel mixes and 

05 
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reacts with a second calIed an oxidizer to 
form one or more new compounds or prod
ucts. This reaction process is accomplished 
through a transfer of electrons from the fuel 
through the oxidizer. It is also accompanied 
by the evolution of heat. If handled properly, 
certain reactions can be made to produce 
electricity. 

In an electrochemical process, the sub
stances are made to react "from a distance," 
so that the electron transfer is forced to 
occur through an external circuit. By con
trolling the process in this manner, electrical 
energy, instead of heat, is the main reaction 
byproduct. In many common batteries, zinc 
metal acts as the fuel (fig. 1II-2). Since it is 
physical1y separated from the oxidizer, the 
only path for electron transfer is through 

COMBUSTION 

FIGURE III-lo-Combustion. 
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F I GURE 1II- 2.-Zinc batteries. 

the external circuit, and electron flow cannot 
occur until the circuit is completed. When 
power is required, the switch is closed and 
a controlled reaction proceeds. The zinc re
leases electrons and forms positively charged 
zinc ions. The electrons must flow through 
the external circuit to reach the oxidizer and 
in so doing, perform useful work. The elec
trons combine with the oxidizer and zinc 
ions to produce the reaction product; the 
same product would have been obtained if 
the reaction had been conducted by straight 
chemical means. Some reactions can be 
driven in reverse by putting electric energy 
into the battery. Current is made to flow in 
the opposite direction, decomposing the prod
uct and reforming the zinc metal and oxi
dizer. This gives rise to the cyclic mode of 
operation, which is characteristic of the re
chargeable or secondary battery as opposed 
to the one-shot or primary type. Both types 
have their place in the space program just as 
they do on the ground. 

Nonrechargeable or primary batteries sup
plied all the power for the Mercury capsule 
(fig. III-3) and for certain short-life satel
lites. These batteries supplied power for 
guidance and communication and operated 
the components of the life-support system 
which made it possible to maintain a man in 
orbit for 24 hours. 

Long-life Earth satellites (fig. III-4) used 
solar celIs for power in the daytime and 
battery power during the time spent in the 
Earth's shadow. Here batteries provide an 

FIGURE 1II- 3.- Mercury capsule. 
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energy storage function. Solar panels power 
the satellite during the Sun part of the orbit 
and supply enough extra power to charge the 
battery pack as well. During the shade por
tion of the orbit, the solar panels are inopera
tive and the batteries are the sole source of 
power. 

As might be expected, there are several 
noticeable differences between space-oriented 
batteries and those for ground use. The 
weight and volume of any component of a 
spacecraft are important, and a parameter 
called the energy density, or the watt-hours 
contained in a pound or cubic inch of battery, 
is an important criterion for battery selec
tion. A premium price is paid for batteries 
which are made of higher energy content 
materials. NASA vehicles operate in the 
vacuum of outer space, which means that the 
battery must be tightly sealed. This require
ment also restricts the choice to those sys
tems which do not release gases during 
operation. The lead-acid automobile battery 
is not used for this reason. Then too, the 
space program requires a more reliable bat
tery than ever produced before, since it is 
impossible to replace a defective battery once 
it has been launched into orbit. 

A comparison of the commercial and space
oriented primary or nonrechargeable cells is 
given in the following table: 

ystem 

Leclanche ______________ ___________________ ____ ______ _ 
~ercury ____________________________________________ _ 
Silver __________________ _______________ ________ ______ _ 
Ad vanced system _____________ __________________ _____ _ 

The Leclanche system, used in the common 
flashlight or dry-cell battery, is capable of 
delivering 166 watt-hours per pound if only 
the reactants are considered. A number of 
other components, however, such as case, 
seals, separators, and current collectors, are 

F IGURE 1II-4.-Typical Earth satelli te. 

required. In actual practice, the Leclanche 
battery can theoretically deliver 67 watt
hours per pound for the complete battery. As 
the cells are used, they normally deliver 
about 30 watt-hours per pound at a cost of 
about 3 cents per watt-hour. Another com
mercial battery is a mercury cell, which, 
although it has a theoretical energy density 
of only 115 watt-hours per pound, delivers 
as high as 44 watt-hours per pound for a 
complete cell. The cost of this power is 
approximately $2.00 per watt-hour. However, 
because of its higher energy density, better 
discharge characteristics, and, particularly, 
its higher energy content per unit volume as 
compared with the Leclanche cell, the mer-

Energy density, W-hr/ lb 

Theory 

Reactants only Complete battery 

166 
115 
215 
766 

67 
60 

11 5 
350 

Actual 

30 
44 

100 
200 

cury battery finds commercial applications 
in such specialized uses as hearing-aid batter
ies. For space use, the so-called silver battery, 
which has a theoretical energy density of 
215 watt-hours per pound, and which has 
delivered as much as 100 watt-hours per 
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pound in service, is the one that is presently 
used for flight applications. Like the mercury 
battery, this energy costs approximately 
$2.00 per watt-hour. The direction of NASA's 
interest is shown in the advanced system 
category. Research is presently being sup
ported on a number of exotic battery couples 
which are capable of producing extremely 
high energy densities. A typical system is 
shown in the preceding table. It has a theo
retical output of 766 watt-hours per pound, 
and it is expected that a complete battery can 
be built which could theoretically deliver 350 
watt-hours per pound. Of this, it is felt in 
actual practice that as high as 200 watt
hours per pound may be obtained, twice the 
energy that can be obtained from conven
tional batteries. 

The problem of obtaining better batteries 
is being explored in another way too. The 
dry tape battery concept is illustrated in 
figure III-5. Instead of putting the reactive 
chemicals into a can, they are coated on 
opposite sides of a continuous tape. The 
center part of the tape contains the battery 
fluid in encapsulated form. The complete 
tape constitutes a self-contained battery, 
which can be activated by pressure as it is 
needed. This results in highly efficient ma
terial utilization and favorable dry-storage 
characteristics that will allow using more 
highly reactive or otherwise difficult to 
handle materials. Some technical personnel 
who are familiar with the commercial market 
feel that someday batteries for children's 
toys may be purchased by the yard rather 
than by the battery through adoption of this 
concept. 

Consider next the rechargeable cells, the 
capabilities of which are shown in the follow
ing table: 

System 

Lead-acid _______________ ____________ ______ _____ 

Nickel-cadmium _________ _______________________ 
Silver-cadmium __________ _________ _____ _________ 
Silver-zinc __________ ________ ______________ _____ 

SPENT 
TAPE , , <±} 

\ \ 
\ \ 

\ 
\ 

r CRUSHING 
I ROLLS 

FIGURE III-5.- Dry tape battery concept. 

Cycle life is an important parameter in this 
case. A cycle is defined as the complete dis
charge of a cell followed by recharge to its 
original state. Cycle life is the number of 
cycles a battery can undergo prior to failure. 
It determines when a satellite stops trans
mitting data or when a car battery will not 
start an automobile. With respect to energy, 
the commercial lead-acid battery appears 
attractive. It has a theoretical energy density 
of 53 watt-hours per pound and in normal 
service can deliver as high as 20 watt-hours 
per pound for a complete battery. At best, 
however, it is capable of delivering from 50 
to 500 cycles. These cycles are not the shal
low discharges that the battery normally 
undergoes in starting an automobile, but 
rather the complete or nearly complete dis
charge of the battery. 

The nickel-cadmium battery is presently 
the workhorse of the space effort. Though 
its theoretical energy density is 96 watt
hours per pound, batteries in actual satellite 
applications deliver only from 3 to 7 watt
hours per pound. The difference is attribut
able to two factors. First, there is a relatively 

Energy density, W-hr/ lb 

Theory Actual Life, 
(Reactants only) (Complete battery) cycles 

53 20 50- 500 
96 3- 7 1000- 11 ,000 

150 30 2000- 3000 
215 40 80-100 
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large amount of inert materials contained 
within the case as the battery is actually 
built. A second important factor is that in 
order to obtain long cycle life under satellite 
operating conditions, it is necessary to use 
only a small percentage of the energy con
tained within the battery on each cycle. How
ever, despite the drawback of relatively low 
energy density, the nickel-cadmium cell is 
used because it is capable of delivering from 
1000 to 11,000 cycles depending upon the 
conditions of operation. 

The silver-cadmium battery is now coming 
into use for flight applications. It may even
tually deliver as high as 30 watt-hours per 
pound for the complete battery, and labora
tory cells deliver an appreciable fraction of 
this amount for from 2000 to 3000 cycles. 
Unfortunately, cycle life and energy density 
appear to follow an inverse relation and the 
nickel-cadmium cell, which has the lowest 
energy density, is the one capable of deliver
ing the highest cycle life. Conversely, the 
silver-zinc battery which, as a rechargeable 
cell, might deliver as high as 40 watt-hours 
per pound, is presently capable of operating 
only from 80 to 100 cycles. An effort is being 
made to solve the problems which limit cycle 
life in the silver-zinc battery. 

Not all the batteries mentioned so far are 
entirely new in a commercial sense. One of 
them, the nickel-cadmium cell, is already in 
commercial use. It is selling well in electric 
toothbrushes, rechargeable flashlights, cord
less shavers, and hand-power tools. This type 
of market is expected to become a sizable one 
over the next few years. The rechargeable 
nickel-cadmium cell could be the answer for 
the frustrated parents who are going bank
rupt keeping their children's toys supplied 
with batteries. 

Government research on increasing energy 
density and reliability will lead to better 
products for the civilian market. The Lewis 
Research Center is interested in the develop
ment of an improved separator for silver
zinc cells that will make repeated recharge 
possible. This could mean a compact hearing
aid battery that could be recharged on house 

power at 2.4 mils per watt-hour instead of 
the present $2.00 per watt-hour charged for 
mercury cells for this purpose. A so-called 
"third electrode" is under development that 
will make it virtually impossible to over
charge destructively a sealed battery. 

One might even consider that classic trans
portation concept, the electric car. Electric 
delivery vans, lift trucks, and golf carts are 
already in service. The electric car lost its 
competitive position because of limited range 
and performance compared with automobiles 
powered by internal combustion engines. 
With the trend toward suburban living and 
two-car families, several companies have ex
plored the possi,bility of a compact electric 
town car. A composite view of this type of 
auto is shown in figure III-6. It is generally 
pictured as a two- to four-passenger auto
mobile selling in the $1800 to $2500 price 
range. The car is expected to weigh from 
1500 to 2500 pounds and to be capable of top 
speeds from 40 to 50 miles per hour. The 
speed is adequate for city driving. These 
cars are generally powered by two direct
current motors independently driving the 
rear wheels. The range and performance 
characteristics are presently still governed 
by the size and the weight of the lead-acid 
batteries necessary to power the 1- to 3-horse
power-drive motors. These batteries are 
expected to weigh from 500 to 700 pounds 
and deliver a range of 50 to 100 miles. If 

WEIGHT 
CAPACITY 
MA XI MUM SPEED 
DRIVE POWER 
BATTERY WEIGHT 
RANGE 
COST 

1500 - 2000 LB 
2 TO 4 PA SSENGERS 
40 - 50 MPH 
2 TO 6 H P 
500 T O 700 LB 
50 TO 100 MILES 
S 1800 - S 2500 

FIGU RE III- 6.- Hypotheti cal battery-powered town car. 
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FIGURE III-7.-Solar cell. 
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specially designed nickel-cadmium cells were 
used, the range apparently could be extended 
to 200 miles while the same volume is still 
maintained for the battery. As the more 
advanced batteries become available, both 
higher performance and longer range are 
foreseen for the same battery weight and 
volume. Several companies, including at 
least one automobile manufacturer, have be
gun exploring the possibility of such a car 
during the past few years. The idea of an 
almost silent automobile with no differential, 
transmission, clutch, radiator, or crankcase 
oil certainly sounds appealing, especially 
when you consider that the cost of the elec
tric fuel will be equivalent to a gasoline en
gine delivering 100 to 150 miles per gallon. 
As a fringe benefit, it would move the corner 
filling station to a wall plug in your garage. 

The battery is not an exotic means of 
energy conversion compared with others un
der development. It has earned its place in 
the space program through a combination of 
availability and favorable characteristics. 
As a silent, static, compact, reliable energy 
source, it offers an almost ideal power supply 
for spacecraft requiring moderate amounts 
of energy and will continue to make signifi
cant contributions to the space effort. 

SOLAR CELLS 
Almost all our unmanned satellites and 

space probes obtain electric power from the 

Sun by means of silicon solar cells. Conse
quently, it is desirable to begin a discussion 
of solar cells by examining in detail the inner 
workings of silicon solar cells. A solar cell 
in cross section (fig. III-7) consists of two 
layers of silicon, one n-type, the other p-type. 
The n-type and p-type silicons are produced 
by deliberately adding impurities such as 
phosphorous or boron to the silicon. One 
type of impurity (phosphorous) causes the 
electric potential, or voltage, of the silicon 
to decrease when exposed to sunlight. This is 
n-type silicon. Another type of impurity 
(boron) causes the voltage to increase when 
exposed to sunlight. This is p-type silicon. 
To get the largest possible voltage difference 
in the solar battery, we use layers of both 
n- and p-type material. When sunlight is 
absorbed by the two layers, the n-Iayer be
comes negatively charged, the p-Iayer be
comes positively charged. The resulting 
voltage difference is about 0.5 volt in sun
light. 

Three kinds of solar cells are illustrated in 
figure III-8. They all work on basically the 
principles just described. The selenium cell is 
the first kind of solar cell ever made and has 
been known for about 80 years. Little im
provement has been made during this time. 
Efficiencies are low, a few tenths of a per
cent. The cell remains useful because it 
responds to light in exactly the same way as 

FIGURE III-S.- Three solar cells. 
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does the human eye and photographic film. 
As a result, it can be used in photographic 
lightmeters, the principle application of the 
selenium cell. The other two cells shown in 
the figure also respond to infrared light in
visible to the eye making them undesirable 
for use in lightmeters. 

The silicon crystal cell is perhaps the best 
known of the solar cells. It is the most effi
cient device ever made for converting sun
light into electricity. On occasion, cell effi
ciencies as high as 14 percent have been 
observed. More commonly, the efficiency is 
around 10 percent. The silicon solar cell is 
important to the space effort because nearly 
all satellites and space probes obtain power 
to operate radio transmitters and to perform 
scientific experiments from these cells. 

The experimental cadmium sulfide cell has 
yet to find a practical application. It is not 
as efficient as the silicon cell, but it is much 
more efficient than the selenium cell. Its 
principle advantages are flexibility, light 
weight, and expected low cost. Possibly it 
might be useful in making large solar power 
systems that can be folded into small volumes 
for launch because the cell is flexible. 

In considering uses for solar cells, it is 
helpful to look at the area of cells required 
to generate 1 watt of electric power and the 
cost of power generated in this way: 

Area needed to Price of 1 
Kind of cell give 1 watt, watt, dollars 

8q ft 

Selenium ________ 3.0 700 
Cadmium sulfije_ .6 250 
Silicon crystaL ___ .1 200 

Selenium cells, being very inefficient, require 
large areas, and 3 square feet are required 
to give 1 watt of electric power. At current 
market prices, selenium cells required to do 
this would cost $700. The cadmium sulfide 
film cells require less area, only 0.6 square 
foot, to generate 1 watt, but the cost based 
on current prices of the cells is still high, 

about $250. Silicon cells are the most effi
cient and only about 0.1 square foot is re
quired to generate 1 watt. The price is still 
high, about $200 for the cells. Only the price 
of the cells is given here. If an array of 
cells is desired, the price rises to about $1000 
per watt, because the cells are very small 
and much labor is required to assemble the 
cells into an array. 

These efficiencies and prices are the pres
ent ones. Future efficiencies and prices are 
shown in the following table: 

Area needed to Price of 
Kind of cell give 1 watt, 1 watt, 

sq ft dollars 

Cadmium sulfide _ 
i 

0.4 10-50 I 
Silicon crystaL ___ .1 100 

I 
It is unlikely that the future will bring any 
improvement in the selenium cell, and there
fore it is not listed. The cadmium sulfide cell 
can probably be made about 3 ~ percent effi
cient, which will make about 0.4 square foot 
yield 1 watt. The price of this cell should 
drop considerably, to $10 to $50 per watt. The 
silicon cell will probably not become much 
more efficient; therefore 0.1 square foot is 
still needed to generate 1 watt. With Govern
ment sponsorship, a new technique has been 
devised for making silicon crystals which 
should reduce the cost of the cells by half
down to about $100 per watt for the cells. 

It is clear that solar cells are not going to 
affect the central electric power generation 
industry mainly because of price, not effi
ciency of the cells. For example, if the roof 
of a 1000-square-foot house in Arizona were 
covered with solar cells, about 30 kilowatt
hours per day would result-sufficient to 
operate air conditioners and other appliances. 
However, the price of the cells for such an 
installation would be astronomical-about 
$2,000,000. 

The best applications of solar cells are in 
situations where small amounts of power are 
needed in remote, sunny places. Small 
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amounts, because of the cost of the cells; 
remote places, because if small amounts of 
power are needed in nearby places, wires can 
be connected from a central power genera
tor; sunny places, because these are solar 
power devices and need sunshine to operate. 

The perfect example of a small power r e
quirement in a remote sunny place is the 
space satellite. It is here that the solar power 
system has reached its greatest development. 
The satellite power system consists of two 
parts, the solar paddles, which are covered 
with silicon solar cells, and a bank of storage 
batteries inside the satellite. The storage 
batteries are an important part of every 
solar power system, since sunlight is not 
constant. As the satellite spins around the 
Earth, it is occasionally in the shadow of the 
Earth, and the solar paddles are not always 
pointed at the Sun. 

An example of an application on Earth of 
solar power systems being used to give small 
amounts of power in a remote sunny area is 
the emergency .radiotelephone system shown 
in figure III-9. This system is in use along 
one of the Los Angeles freeways to provide 
emergency calls for stranded motorists. It 
is used because it is the most economical way 
of doing the job. The cost of all other meth
ods considered was higher. 

In summary, solar cells are practical de
vices for getting small amounts of electricity 
from sunlight. In special applications, where 
a small amount of power is needed at a dis
tant or isolated place, solar cells may be the 
most economical way of doing the job, even 
though the cells are expensive. 

THERMOELECTRIC CO VERTERS 
One of the very old ways of converting 

heat to electricity that modern technology 
has revived is the thermoelectric effect. This 
effect has been known for more than 100 
years, but only recently has it been used as 
a practical means for generating electricity. 
The essential parts of a thermoelectric power 
generator are shown in figure III-lO. The 
two materials involved are indicated in the 

FIGURE III- 9.-Emergency radio telephone systeJ1l . 

+ 

-
F I GURE lII- lO.- Thermoelectric power generator. 

figure by two kinds of shading. These are put 
into electric contact at one end. Heat is 
applied to the contact and the other ends are 
kept cold. Heat flows through the generator, 
and voltage appears at the cold ends. This 
is the thermoelectric voltage. It is worth 
pointing out that the thermoelectric effect is 
completely reversible. Instead of the flow of 
heat generating electricity, an electric cur
rent can be forced backwards through the 
generator to produce a flow of heat from the 

I 
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cold to the hot junction. In other words, 
operating the power generator in reverse 
turns it into a refrigerator. 

The amount of electric power produced by 
a thermoelectric generator depends on the 
amount of heat flowing through the genera
tor, as might be expected. However, it also 
depends on the kinds of material used to 
make the generator. The best materials are 
semiconductors, that is, materials that con
duct electricity poorly. When semiconductors 
are used, the two legs of the generator can 
be made out of the same basic material but 
with different impurities in the two legs. 

Until about 7 years ago, the only good 
thermoelectric material known was the semi
conductor lead telluride (PbTe), and its only 
use was in home gas furnaces as a safety 
device. About that time, intensive research 
was sponsored by government agencies on 
finding new materials suitable for thermo
electric power generators. Many thousands 
of materials were tested. From all these, 
two new materials have emerged. The new 
thermoelectric materials are shown in the 
following table, along with lead telluride. 

Temperature range, 
Material OF 

Bismuth telluride _ - _____ -- - 75 to room 
temperature 

Lead telluride _ ----- ______ + 75 to 600 
Silicon-germanium alloy _ - - + 75 to 1500 

The best thermoelectric materials now 
available are bismuth telluride (Bi2Tea), lead 
telluride (PbTe), and silicon-germanium 
(Si-Ge) alloys. Bismuth telluride is particu
larly useful for refrigeration. Thermoelec
tric refrigeration units using it are now com
mercially available. 

Lead telluride is useful for power genera
tion since it is most efficient at converting 
heat to electricity at temperatures near 
600 0 to 700 0 F. The material, silicon-ger
manium alloy, is efficient at even higher 
temperatures, 1500° to 1600° F. 

THERMOELECTRIC 
EL EMEN TS ---- _____ '- __ 

HE AT GENERA TOR 

HEA T LOSS 

FIGU RE III- ll.- Radioisotope thermeolectric generator. 

Generally, efficiencies of approximately 5 
percent can be expected with thermoelectric 
generators and refrigerators, which is poor 
compared with efficiencies usually obtained 
with rotating machinery. Efficiency, how
ever, is not the sole criterion by which an 
electric generator or refrigerator should be 
judged. Thermoelectric devices are abso
lutely quiet, since they contain no moving 
parts. They require no attention. They last 
a long time--a year's service life before re
placement is reasonable for a power genera
tor, and service life for refrigerators is much 
longer. 

One of their most important advantages is 
that the efficiency is independent of size. 
This is not true of rota ting machinery such 
as generators and refrigerators, which tend 
to become inefficient in small sizes. Conse
quently, for small generators and refriger
ators, thermoelectric devices become com
petitive with rotating machinery devices. 

The small size and long life of thermoelec
tric power generators naturally makes them 
attractive for use in space. For power gen
eration in space, we have a problem with 
the heat source, since it must be very com
pact and long-lived. An attractive heat 
source for space power generation is a radio
isotope, an element which spontaneously gen
erates heat by radioactive decay. A power 
generator using a radioisotope heat source is 
shown schematically in figure III-11. The 
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Fl o URE III-12 .- N AP-3 thermoelectri c generator . 
(Courtesy Martin Co.) 

following figure (III-12) shows a cutaway 
drawing of the SNAP-3 thermoelectric gen
erator. Generators such as these have been 
used in a few spacecraft. They have also been 
used in powering automatic weather stations 
in Greenland and the Antarctic. 

The heat producing radioisotope used in 
these generators are bypro ducts of nuclear 
pile operation. Through control of the nu
clear processes, it is possible to emphasize 
production of radioisotopes suitable for 
power generation. Space power systems 
using isotopes may eventually require pro
duction of these isotopes in quantities large 
enough to make them available for other 
uses. 

Just one application of thermoelectric 
power generation has been described, the 
radioisotope power generator. There are 
many others. Propane-gas flames, for ex
ample, have been coupled with thermoelec
tric generators to produce compact portable 
generators that are used for powering radio 
equipment in railroad cabooses, powering 
radio relay stations on remote mountain tops, 
and for cathodic protection against corro
sion of pipelines and well casings. Similarly, 
there are many applications of thermoelec
tric refrigeration. Camping refrigerators 
and hotel room refrigerators are only a few 
such applications. 

All these applications have two outstand
ing features in common: (1) small size, and 

consequently portability, and (2) reliability. 
In any application where either or both of 
these two factors are needed, thermoelectric 
devices can probably be used and may ac
tually be the best way of doing the job. 

FUEL CELLS 
An electrochemical device closely allied to 

batteries is the fuel cell. This is a glamour 
device that has attracted considerable inter
est in recent years and in which the Federal 
Government is investing heavily for a variety 
of Earth-bound and space applications. 

As shown in figure III-13 , the fuel cell is 
closely allied to the battery, the same parts 
appearing in both. The main difference is 
that, in the battery, both the fuel and the 
oxident are contained within the case, while 
in the fuel cell the reactants are stored out
side the case. As a result, the composition 
within the battery changes during use, and 
when the active materials are used, it simply 
stops operating. In the fuel cell, the re
actants are fed in as required and the re
action product is removed at the same rate 
at which it is formed, with the result that 
no net change in composition occurs within 
the case. This invariance is, perhaps, the 
distinguishing feature of the fuel cell. In 
principle, therefore, the operating life of 
the fuel cell is limited only by the size of the 
reactant storage facilities. 

BATTERY 

-OXIDANT 
AND 
ELECTRODE 

·····-OXIDANT 

FUEL CELL 

FIGURE III-13.-Comparison of battery and fuel cell. 
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Two types of fuel cells are receiving major 
attention today. One operates on hydrogen 
and oxygen, while the other operates on 
petroleum~type fuels and air. 

The fuel cell like so many novel ideas, is 
really an old device, first discovered by Sir 
William R. Grove over a century ago. The 
prospect of converting coal directly to elec~ 
tricity caused a flurry of interest around the 
turn of the century, but the successful de~ 
velopment of the steam turbine power cycle 
led to a decline in activity until after World 
War II. Today, the steam turbine cycle has 
been refined to the point where further 
major improvements are not expected. As 
can be seen from figure 1II-14, a typical 
steam powerplant has inherent thermody~ 
namic losses that amount to about 45 percent 
of the total energy put into the system. 
Mechanical losses of various types add up to 
another 21 percent for the particular case 
shown. As a result, such a plant may recover 
only 34 percent of t~e input energy. Even 
the newer, more highly refined steam power~ 
platns have efficiences in the range of 40 to 
42 percent. Since electrochemical reactions 
are direct conversion processes, they avoid 
the heat production step and are inherently 
more efficient. As a result, as shown in 
figure III-15, thermodynamic and other 
losses may total from 35 to 55 percent, and 
the net power obtainable is 45 to 65 percent 
of the theoretical energy available. This is 
exceptionally high compared with other 
methods of energy conversion, as shown by 
figure 1II-16. Photovoltaic and thermoelec~ 
tric systems are potentially able to produce 
efficiencies of about 10 to 15 percent ; the 
internal combustion engine runs at about 
25 percent efficiency; a gas turbine can pro~ 
duce values of around 30 percent. As men~ 
tioned earlier, steam power cycles are typi~ 
fied by central power stations having 
efficiencies of 35 to 42 percent. A fuel cell 
with its ability to convert fuel to electricity 
without first degrading it to heat offers effi~ 
ciencies of 45 to 65 percent-as much as 50 
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LOSS 10% 

TURBINE M 
MECHANICAL 
HEAT LOSS 9 % 
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NET USABLE 
ENER GY 3q % 

FIGURE III - 14.- Typical stea m powerpla nt energy 
balance. 

THERMODYNAMIC 
AND OTHER LOSSES 

3~% -~5% 

NET 
USABLE 
ENERGY 

45%-65% 

FIGURE III-lS.-Energy balance for electrochemical proc
esses. 
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systems. 
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percent more efficient than the best of the 
other methods of energy conversion shown. 

As might be expected, a device that offers 
such a marked advantage over its competi
tion has aroused interest on a variety of 

FI GU RE III- l7.- Gemini fuel cell. (Courtesy General 
Electric Co.) 

FIGURE III-lB.- Apollo fuel celL (Courtesy Pratt & 
Whitney Aircraft Co.) 

fronts. Potential government usage for fuel 
cells is as follows: 

Army: 
(a) Small power units-high energy 

density 
(b) Large power systems-efficiency, 

logistics, economy 
(c) Vehicle propulsion-efficiency, quick 

start, high torque, low mainte
nance 

Navy: submarine power-silence, relia
bility, safety 

Air Force and NASA: space vehicles-re-
liability, light-weight 

The Army wishes to take advantage of the 
high energy density available in fuel cells 
for small portable power units of the back
pack type for outputs up to 200 watts and 
for larger power systems where the efficiency 
results in logistics advantages and greater 
economy of operation. Vehicle propulsion is 
another military application for the fuel cell, 
since the high efficiency of the fuel cell can be 
mated to the favorable operating characteris
tics of electric power systems, resulting in 
high performance vehicles with low mainte
nance and operating costs. The fuel cell is 
also an ideal powerplant for Navy sub
marine applications. It offers a silent power 
system, high reliability, and safety. Quite 
naturally, the Air Force and NASA are 
looking to the fuel cell for power systems 
for space vehicles. We are interested in tak
ing advantage of the inherent reliability and 
light weight of fuel cell power systems. 

NASA will begin using fuel cells in manned 
vehicles in the near future. Both the Gemini 
and Apollo programs rely on fuel cells for 
vehicle power. In each case, the chemicals 
used are hydrogen and oxygen. In addition 
to electricity, the fuel cells produce potable 
water for the astronauts. The fuel cell being 
built for the two-man Gemini spacecraft is 
shown in figure III-17. It will supply all of 
the power required to sustain a Gemini ve
hicle in Earth orbit for periods of up to 2 
weeks. Figure III-18 is a photograph of a 
different type of fuel cell that is being built 



---~ .. ~~.---

ELECTRIC POWER GENERATION 77 

to power the Apollo craft that will carry 
three Americans to the moon and back. 

If we are willing to entrust the lives of 
astronauts to spacecraft that are powered by 
fuel cells, it is obvious that the fuel cell is 
more than just a laboratory curiosity. At the 
same time, it is appreciated that no one can 
get too excited about consumer devices that 
require pure hydrogen and oxygen for opera
tion. While the hydrogen-oxygen fuel cell is 
being refined to a high degree at present, the 
real plum will be the development of a cheap 
fuel cell running on air and a petroleum-base 
fuel. As as example of how important this 
could be, consider the fact that during World 
War II, 55 percent of military shipments to 
theaters of action consisted of petroleum fuel, 
oil, and lubricants, the so-called military 
POL. This amounted to 400 million pounds 
per day. In order to demonstrate the sig
nificance the fuel cell may hold, one need only 
study the effect fuel cells could have on such 
a logistics problem. From present day utiliza
tion figures , it might be expected that 10 per
cent of this material would be used in motor
generator sets for electric power production. 
A fuel efficiency of 8 to 12 percent would be 
typical for such equipment, therefore, an 
arbitrary figure of 10 percent has been ap
plied for the total POL diverted to power 
generation. An additional 20 percent is used 
for heating and cooking purposes, and no 
credit is applied for the presence of fuel 
cells. The remaining 70 percent, or 280 
million pounds per day for this example, 
might be used for transportation. An effi
ciency of 25 percent is assigned, which is 
acknowledged to be somewhat high but suffi-

Total POL, 
Field use percent 

E lectric power genera tion ______________ 10 
Heating and cooking ___________ ~ ______ 20 
Transportation _______________________ 70 

T otal __________________________ ___ __ 
---- -- - - ----

ciently accurate for this analysis. If a fuel 
cell with an overall efficiency of 50 percent 
had been available, a saving of 172 million 
pounds per day or 43 percent might have 
been effected (see following table). Even in 
peacetime, military POL amounts of 250 
million barrels per year. In fact, the joint 
military and civilian expenditures from 
petroleum products amount to 45 to 47 billion 
dollars per year. Thus, a general fuel-cell 
technology appears to carry with it an im
plication of a potential savings of the order 
of 20 billion dollars per year. 

Obviously, we are not going to stop gen
erating power and propelling vehicles by 
established methods and make an immediate 
transfer to the fuel cell for a variety of 
reasons. It does seem, however, that the high 
efficiency offered by the fuel cell can make an 
important contribution toward conserving 
our fossil fuel resources, reducing the cost of 
vehicle operation, and improving the logistics 
burden of our military establishments. 

As shown in figure III-19, a variety of 
civilian applications immediately come to 
mind. Transportation has already been dis
cussed. Emergency use is self-evident. Ma
terials handling looks especially attractive. 
As far back as 1959, a tractor was operated 
by fuel cells. Presently fork-lift trucks are 
considered a promising potential use. The 
feasibility of home or central station power 
depends on an extremely complicated eco
nomical evaluation including, of course, such 
things as fuel costs, availability, installed 
cost of the fuel cell and power conditioning 
equipment, and operating life. The gas 

POL required 
Consumption, Conversion for 50 percen t 

lb / day effi ciency, fuel cell , 
percent lb / day 

40 X 106 10 8X 106 

80 
-~----------

80 
2 0 25 140 

400 X 106 ------------ 228X 106 
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HOME POw ER TRANSPORT A TlON 

EMERGENCY STANDBY POWER MATERIALS HANDLING 

F IGURE III- 19.-Potential commercial fuel cell uses. 

companies have expressed interest, looking to 
the possibility of a truly all-gas home. They 
point out that extensive gas distribution sys
tems already exist, and that distribution 
costs are less than those for electricity. On 
paper, even central station power looks pos
sible. It has been estimated that the installed 
cost of a 40 percent efficient powerplant is of 
the order of $125 per kilowatt. A 60 percent 
efficient fuel cell may be able to tolerate a first 
cost $25 per kilowatt higher and still be 
competitive. In fact, if the plant serviced an 
industrial complex with a high demand for 
direct-current power, a $200 per kilowatt cost 
for the fuel cell might be tolerable just be
cause of the savings on equipment for con
verting alternating to direct current. Getting 
costs down to these levels will be a major 
task, however. 

After such a glowing picture is painted 
for the future of the fuel cell, an obvious 
question arises as to why the conversion to 
fuel cells has not already begun. The reason 
is that though hydrogen-oxygen fuel cells are 
fairly well developed, a good fuel cell opera
ting on hydrocarbon fuels is not as yet avail
able. Scientists in both the government and 
industry have been working on the problems 
associated with hydrocarbon fuel cells for 
some 10 to 15 years. Unfortunately, the 
electrochemical combustion of petroleum is 
not nearly as simple as the combustion of 
hydrogen in a fuel cell. At present, we are 
capable of bui lding fuel cells that last for a 
few hundred hours of operation at efficiencies 
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of the order of 40 percent. One solution to 
the problem is to react the fuel with water 
to obtain an impure hydrogen first, and then 
to use the hydrogen in a hydrogen-air fuel 
cell with a sacrifice in efficiency (25 to 30 per
cent). There are other factors to consider too . 

Ultimately, cost and service life will deter
mine the extent to which fuel cells will be 
adapted. Ideally, to extend life, the engineer 
tries to keep the operating temperature as low 
as possible. If a fuel cell operating at near
ambient temperatures is desired, however, a 
reaction-promoting catalyst like platinum or 
palladium is required. This requirement in
creases the cost of the fuel cell and will pre
clude a major conversion to fuel cell power 
generation because of the limited supply of 
this and other catalytic precious metals. 
Fortunately, fuel cells can be made by using 
nickel as their major active catalytic material 
if temperatures of the order of 400 0 to 5000 

F are acceptable. The problems to be solved 
are formidable, but the potential gains to be 
made are so outstanding as to make a con
centrated research effort worthwhile. Much 
of the fundamental research conducted to 
develop the Apollo and Gemini fuel cells is 
being applied to the solution of these prob
lems. To date, progress has been slow, but 
steady progress is being made. 

TURBINE POWER SYSTEMS 
Satellites launched to date had internal 

power requirements that usually fell in the 
range of a few watts to a few hundred watts. 
In the near future, power requirements will 
be several kilowatts and will grow to several 
thousand kilowatts. The demand for thous
ands of kilowatts will come from electric 
propulsion systems. For example, a manned 
expedition to Mars with electric propulsion 
will need a 20,000-kilowatt power system. 

Turbines are widely used, of course, to 
produce large amounts of power. Steam tur
bine systems have been the backbone of our 
electric power production industry for nearly 
a century. Gas turbine systems are compara
tive newcomers, having emerged during the 
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second World War as prime power systems 
for military aircraft. Since then, gas tur
bines have been widely used in airplanes and 
are starting to appear in ships and automo
biles. 

The gas turbine system is also finding ap
plication in the electric power field. A sys
tem currently being built is shown in figure 
1II-20. Ten jet engines are mounted cir
cumferentially and the exhaust gases from 
all these engines power a single l8-foot-di
ameter turbine, which produces 150,000 
horsepower. Systems such as this, because 
of the capability of rapid starts and stops, 
are finding increasing use as a means for 
augumenting normal power systems during 
periods of peak demand. 

The features that make turbines attrac
tive are simplicity, compactness, and fuel 
flexibility. The principle of turbine operation 
is quite simple. A high-pressure gas or vapor 
is accelerated to a high velocity in a nozzle 
and then impinges on a rotor, thereby causing 

rotation and producing shaft power. The 
compactness of the gas turbine system is il
lustrated in figure 1II-21, which compares 
the sizes of a 1000-horsepower gas turbine 

FIGURE III-21.- Comparison of turbine and diesel en
gines . (Courtesy Solar Aircraft Co.) 

FIGURE IIl- 20.-Turbine peaking unit. (Courtesy General Electric Co.) 
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engine and a diesel engine of the same power 
output. The turbine engine is one-tenth the 
size and one-twentieth the weight of the 
diesel engine. These features of compactness 
and light weight make the gas turbine ideally 
suited to transportation applications. In ad
dition, there is a wide choice of fuels. The 
following fuels can be used in turbine ap
lications. The most popular fuels currently 
are natural gas and diesel oil. 

(1) Gas 
(a) Natural gas 
(b) Blast furnace 
(c) Liquid gas 
(d) Coal mine gas 
(e) Sewage gas 

(2) Oil 
(a) Crude oils 
(b) Diesel oils 

gas 

(c) Other distillate oils 

(3) Coal 

(4) Nuclear 

In view of favorable features such as those 
previously discussed, turbine power systems 
are being given considerable attention in our 
space power program. 

A schematic diagram of a vapor turbine 
system is shown in figure III-22. The work
ing fluid is vaporized in the boiler and then 
flows through the turbine, which drives the 
generator. After leaving the turbine, the 
vapor condenses to liquid, which is pumped 
back to the boiler. The gas turbine cycle is 
similar to the vapor turbine cycle except 
that, because the fluid is a gas at all times, 
heat is added and rejected without boiling 
and condensing, and a compressor replaces 
the pump. 

The differences between space and Earth 
turbine systems appear at the heat input and 
heat output ends of the loop. It is not feasible 
to burn coal, oil , or gas with air in space; 
new heat sources, therefore, are needed. The 
heat source shown in figure III-22 is a nu
clear reactor, which supplies heat to the 
boiler by means of an all-liquid loop. Another 

energy source is the sun; in a solar system, 
a large mirror focuses the sun's rays on a 
heat exchanger that would replace the re
actor in figure III -22. 

In space, the heat rejection component 
must also change since river or lake water is 
not available to absorb waste heat at low 
temperatures. Heat must radiate away from 
the spacecraft; the condenser in figure III-
22, therefore, must also be a radiator. If 
low radiator temperatures are used, very 
large areas are required to reject the heat 
and the radiator becomes very heavy. Heat 
removal by radiation increases very rapidly 
as the temperature is raised ; high-tempera
ture heat rejection, therefore, is required for 
space power systems in order to reduce 
radiator size and weight. 

At these elevated temperatures, the pres
sures associated with the use of steam as the 
working fluid are quite high; much lower 
pressures can be achieved through the use of 
fluids such as mercury or potassium. These 
working fluids require the use of high-tem
perature high-str·ength corrosion-resistant 
materials such as the superalloys of nickel or 
cobalt or refractory metals like columbium, 
molybdenum, or tantalum. Two other prob
lem areas associated with space systems are 
the separation of liquid and vapor in the 
zero-gravity environment of space and the 

TURBINE 
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" RADIATOR 

F IGU RE 1II-22.-Schematic diagram of vapor cycle space 
power system. 
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I 
achievement of the high reliability required 
for long-term unattended operation. 

I 
Much of the research associated with tur

bine development is concentrated on the high-
temperature problems. In space this con
sideration is necessary, but benefits of high
temperature operation in other fields are not 
too difficult to imagine. In conventional sys
tems for generating power using a steam 
cycle, a part of the energy of combustion is 
unavailable to do work because the steam 
turbine is limited to about 1200° F. With the 
development of high-temperature turbines 
and working fluids, this previously unavail
able high-temperature energy can be con
verted into electrical energy and the output 
of the plant thereby increased. 

The method wherein heat at the high cycle 
temperature is utilized is called topping and 
is illustrated in figure III-23. The high-tem
perature heat source, which may be a com
bustion chamber or a nuclear reactor, de
livers heat at a temperature higher than a 
steam turbine can operate. A cycle utilizing 
potassium or mercury and a high-tempera
ture turbine, however, can operate at tem
peratures nearer the source temperature. 
Heat is taken from the source by the liquid
metal working fluid; some of this heat energy 
is converted into electrical energy; and the 
working fluid is fed into a condenser, just as 
in the cycle in figure III-22. In the topping 
cycle the condenser, rather than being a 
radiator as in a space system, is a water
cooled device. Since potassium condenses at 
a high temperature, the water in the con
denser boils and steam is produced. The 
steam is then used in a conventional steam 
turbine, and more electrical energy is gen
erated. The condensed potassium is pumped 
back to the heat source, and the steam from 
the steam turbine is condensed and returned 
to the condenser-boiler. The cycle within the 
dotted area is called the topping cycle. The 
addition of this topping cycle increases the 
power output and thermal efficiency of the 
plant. This concept still must be studied with 
economic considerations in mind in order to 

determine whether such a system can reduce 
the cost of electricity. 

One of the major technological contribu
tions resulting from the programs involving 
the high-temperature liquid-metal systems 
will be in the area of material development. 
As a result of government interest in these 
systems, considerable effort is being expended 
in evolving new and exotic alloys that will 
provide high strengths at high temperatures 
and will also be resistant to the corrosive 
nature of mercury and potassium. 

Another area where industry will have con
siderable interest is that of miniaturized tur
bomachinery. NASA is interested in turbine 
systems designed for power levels as low as 
about 3 kilowatts. One such system is pre
sented in figure 1II-24. This is a solar power 
system appropriately called Sunflower that 
uses mercury as the working fluid to produce 
3% kilowatts of power. The components that 
can be seen in figure III-24 include the mir
ror, boiler, turbomachinery, and radiator. 
The turbine for this system is only 2 inches 
in diameter. A unit of this type ran ap
proximately 4000 hours continuously without 
failure, thus indicating that such systems 
can be made to run for long periods of time. 

A second low-power solar system, this 
one designed for 8 kilowatts, is being studied 
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Figure I11- 23.- E lectric power generation with topping 
cycle. 
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FIG URE 1II- 24.-Sunflower. (Courtesy Thompson Ramo 
Wooldridge Inc.) 

by NASA. This system is similar to Sun
flower except that it uses an inert gas, argon, 
as the working fluid. The use of an inert gas 
eliminates any possible reaction between the 
working fluid and the containment materials, 
and thus improves chances for long-time re
liable operation. One turbine being con
sidered for this argon system is only 41/2 
inches in diameter. 

The miniature turbines used in these sys
tems are examples of an ever increasing num
ber that are being evolved for low-power uses. 
The ramification of such programs will be to 
extend the useful range of gas turbines 
down to a low power level where, in the past, 
other systems such as the internal-combus
tion engine have reigned supreme. 

MAGNETOHYDRODYNAMIC 
CONVERTERS 

The possibility of generating electric 
power in space directly from a moving, elec
trically conducting working fluid is being 
investigated by NASA. The device that can 
accomplish this is called a magnetohydro
dynamic (MHD) converter and is used in 

place of the turbo generator in a conventional 
cycle. This device is being considered be
cause of the high-temperature requirements 
placed on the energy converter by the space 
environment. The difficulty turbines encoun
ter seems to be one of material limitation, 
that is, at higher temperatures the strength 
of materials decreases. Materials under high 
stress, such as the blades of a high-speed 
turbine rotor, must therefore operate at a 
lower temperature than materials under less 
stress, such as the walls of the heat ex
changer. Hence, a system that would elimi
nate the turbine may be able to operate at 
high temperatures and higher cycle efficien
cies. Consequently, an MHD device, which 
has no rotating parts, is of interest. 

Let us first examine the fundamental 
physical principles by which a moving fluid 
that is an electric conductor might be used 
to generate electric power. Shown in figure 
1II-25 is a schematic representation of a con
ductor moving at right angles to a magnetic 
field. As a result of this motion, an electric 
field at right angles both to the direction of 
the motion and the direction of the magnetic 
field is induced. This field is proportional to 
the product of the velocity ,and the magnetic 
field strength. If one completes an electrical 
circuit utilizing this voltage, a current will 
flow and electric power will be generated. 

MAGNET~, 

ELECTRIC 
CIRC UI T ---

VELOCIT Y 

DUCTOR 

F I GU RE IlI-25.-Conductor moving in a magnetic field. 
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The current that flows is proportional to the 
conductivity and the difference between the 
induced voltage and the load voltage. This 
technique is used in commercial power gen
erating plants where the conductor is not 
continuous, as shown in figure 1II-2'5, but is 
formed of wires moving parallel to them
selves through the magnetic field. The con
tinuous conductor, however, makes no differ
ence. (As a matter of fact the electrical 
meters in homes operate with continuous 
disk-type conductors in this fashion.) Not 
only is it not necessary to have a wire con
ductor, but also it is not necessary to have a 
solid conductor; if liquids or vapors move 
through the magnetic field, the phenomenon 
is unchanged. When a liquid or vapor con
ductor is utilized, the process is called MHD 
power generation. 

By this principle, a flowing gas that is an 
electrical conductor can be used to generate 
electricity directly if it is forced through a 
magnetic field. A gas can be accelerated by 
pumping it to a high pressure and expanding 
it through a nozzle. Let us see how an MHD 
device can be incorporated into a system that 
has a high-temperature and high-pressure 
gas, such as a conventional power generation 
cycle. Shown in figure III-26 is a schematic 
representation of a thermodynamic cycle 
using an MHD generator in place of a turbine. 
The working fluid is pumped to a high pres
sure, heated to a high temperature, expanded 
to a high velocity, and forced through a mag
netic field. Some of the kinetic energy is con
verted to electrical energy, which is dissi
pated in the load while the gas is cooled and 
sent to the pump for recirculation in the 
cY'de. The only difference between this 
cycle and a conventional cycle is the replace
ment of the turbine by the MHD generator. 
We now have a thermodynamic cycle capable 
of generating electric power directly from a 
moving stream by means of an MHD con
verter. Because the converter has no rotat
ing parts, it has the ability to perform at 
higher temperatures than a turbine; it may 
be possible to develop more efficient power 

generation plants by taking advantage of this 
property. 

Along with this ability to perform at high 
temperatures is the relative simplicity of the 
device; it has no bearings, no seals, and no 
other equipment associated with rotating 
machinery. Under some circumstances this 
advantage may be more important than the 
high-temperature advantage. 

The principal disadvantage of the MHD 
system is that the gases that are best suited 
for the thermodynamic cycle working fluid 
have low electrical conductivity. This is 
quite detrimental since the power that can be 
generated is directly proportional to the 
conductivity of the gas. 

There are three ways of getting around 
this problem. First, since the power gener
ated also depends upon the magnetic field 
strength, a poor conductor could be used if 
sufficiently large magnetic fields were avail
able. Until recently, exorbitant amounts of 
power were required to obtain this high field 
strength and, consequently, this approach 
was considered impractical for space use. 
The advent of the superconducting magnet 
has changed the picture considerably, how
ever. This type of magnet develops very high 
strengths and has very low power require
ments. 

The second approach is to increase the 
speed of the conducting gas, since the power 
also depends on this factor. Accompanying 
an increase in speed, however, is an increase 
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FIGURE lII- 26.-Power generator cycle with magneto
hydrodynamic energy converter. 
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in friction losses. A way to minimize this 
effect is to make the generator large so that 
this loss becomes a small part of the total 
output of the device. 

The third approach is to attempt to in
crease the electrical conductivity of the gases. 
One way would be to increase the tempera
ture. Unfortunately, the temperatures re
quired in most gases are much too high to be 
practical. If one were to mix or seed the gas 
with a small quantity of alkali metal vapor, 
however, seeding would increase the con
ductivity considerably and, in the case of 
combustion products, permit satisfactory op
eration at temperatures around 4500° F . 
Temperatures of this level can be obtained 
in an oxygen hydrocarbon flame . It is obvious, 
however, that the walls of the device would 
still have to be cooled considerably in order 
to make it practical. 

It is at this point that the MHD system 
can be considered for applications on Earth. 
Products of combustion are high-tempera
ture gases, which can be made to conduct by 
the addition of some alkali metal seed. Be
cause the MHD device can utilize high-tem
perature heat, it can be considered for a top
ping application just as the high-tempera
ture turbine was considered earlier. Shown 
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FIGURE IlI-27.- Electric power genera tion with magneto
hydrodynamic topping. 
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in figure III-27 is an MHD converter used 
as a topping device in a conventional power
plant. The MHD converter takes some en
ergy from the combustion gases, but the 
gases are still hot enough to generate steam 
in a boiler. Hence, if this device is inserted 
in the fire side of the boiler in a conventional 
power generation plant, it would be possible 
to gain more electric power without using 
more fuel. Estimates show that the efficiency 
of a good commercial powerplant can be in
creased from a present value of 40 percent 
to 50 or 55 percent. 

Because of this possibility of using an 
MHD converter as part of a topping cycle 
in a combustion products power generation 
plant, several utility companies have united 
to sponsor research in this area. A genera
tor has been built that has developed 1500 
kilowatts of power at a generator efficiency 
of 45 percent for periods of about 10 seconds. 
The generator has graphite electrodes and 
ceramic insulators that are water cooled. This 
device has poor conversion efficiency but still 
increases the output of the plant. Further 
developments are necessary to make this use
ful as a topping cycle for a commercial power 
generation plant. One of the most important 
considerations is the economics of seeding the 
combustion gases. This seed must be re
covered to make the topping cycle economical. 

The topping cycle is not the only possible 
use for this combustion gas converter. It can 
be used where a short burst of direct current 
power is required. There may be conditions 
under which this device would be the most 
economical. 

Nuclear sources are being considered for 
closed cycle operation both on Earth and in 
space. But the gas temperature obtainable 
from these sources is lower than that which 
is required for high conductivity. Conse
quently, methods of increasing the conduc
tivity without heating the gas must be con
sidered. One method which is attractive is 
the a'pplication of an electric field to the gas 
(such as found in neon advertising signs) . 
The electric field will elevate the temperature 
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of the electrons above that of the remaining 
gas. Since the electrical current is the mo
tion of electrons, it is necessary only to in
crease their temperature to achieve high con
ductivity. 

By properly building the generator and 
connecting the loads correctly, it is possible 
to utilize the electric field in the generator 
itself to increase the electrical conductivity 
of the gas. There are many experiments 
being carried on, both by NASA and by 
Government-supported industry, to develop 
a generator that has this increased conduc
tivity at temperatures that are compatible 
with nuclear reactors. The research in this 
area has started only recently and in the fu
ture will explore other methods of obtaining 
high conductivity, various conducting fluids, 
schemes for generating alternating current 
power, other thermodynamic cycles, and 
other possible applications. 

THERMIONIC CONVERTERS 

The thermionic diode converts heat directly 
to electric power. The vacuum version of the 
thermionic diode is illustrated in figure III-
28. It operates at high temperatures with no 
moving parts. Inside the diode are two 
metal plates separated by a hard vacuum. 
Electrons boil off the J!.ot plate and condense 
on the cold plate. The cooler collector be
comes negative while the emitter grows posi
tive. The electrons from the collector then 
work through the load back to the emitter. 

Because the vacuum diode is a sensitive 
thing, it was improved with the addition 
of a plasma as shown in figure III-29. A 
diode of this type is called a plasma diode. 
The plasma is a neutral gas of electrons and 
positive ions, which are fragments of atoms. 
Common plasmas produce the glow that is 
visible from fluorescent lights, flames, and 
lightning. But the plasma most used in 
thermionic diodes is cesium, a normally liquid 
metal that loses electrons readily. A therm
ionic cell that holds a cesium plasma is 
called a cesium diode. 

How does the cesium plasma change the 
thermionic diode? It raises the emitted cur
rent, passes more electrons through a wider 
gap, and steps up the output voltage. In 
short, the cesium plasma brings greater 
power, easier fabrication, and longer life to 
the thermionic diode. 
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FIGU RE 111- 28 .- Yacuum thermionic diode. 
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FIGUI~E III-29.- Plaama diode. 
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The following table gives performance 
values for cesium diodes at an emitter-to
colJector-temperature ratio of 2: 

Output, Conversion Life, 
When W / sq in . efficiency, yr 

percent 

ow _______ Over 360 1 Fraction 
ow _______ Near 40 10 Near one 

oon _______ Over 100 20 everal 
ome day ___ 600 25 Many 

Each diode operates with the emitter at 
twice the temperature of the collector. A 
diode with an emitter at a temperature of 
about 3140° F is described in the first row; 
this and the second row are experimental 
results. In the last two rows, theoretical num
bers are presented. 

Today, a cesium diode with a temperature 
ratio of 2 can convert 18 percent of the heat 
input to 360 watts per square inch during 
a short life. With lower temperatures, serv
ice extends to 1 year at 40 watts per square 
inch and 10 percent conversion efficiency. In 
the near future, the cesium diode should 
yield 100 watts per square inch at 20 percent 
efficiency, and it may reach 600 watts per 
square inch with 25 percent efficiency. 

High temperature, high power, and high 
efficiency are promised by the cesium diode; 
these traits can serve spacecraft. The space 
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FIGURE 1II-30.- olar thermionic diode. 

program thus boosted thermionic conversion 
into rapid growth. 

In space, heat from the sun costs only the 
price of collection; therefore, the idea of 
driving a diode with sunshine was suggested 
for space applications. A solar-thermionic 
diode is pictured in figure III-30. A big, dish
like mirror converges rays to a diode similar 
to the one in figure III-30. Solar heat enters 
the cesium diode through the roughened 
target that backs the emitter, and waste heat 
escapes from the skirtlike radiator that flares 
from the collector. About 60 watts of elec
tric power results from a mirror almost 3 feet 
in diameter. 

"Free" heat is an advantage, but solar
thermionic problems invite competition from 
small, dense power sources. Nuclear energy 
enters here. For low power, radioisotopes 
can heat thermionic diodes, but big power 
outputs require nuclear reactors. The high 
temperatures and dense power requirements 
of the cesium diode suggest a nuclear-therm
ionic system; furthermore, tests indicate that 
the diode can operate inside a nuclear re
actor. The prototype nuclear-thermionic sys
tem does not exist, however, and thus even 
major changes may precede practical nu
clear-thermionic power generation. Let us 
look at the most probable nuclear-thermionic 
element, shown greatly simplified in figure 
III-31. 

The cylinder combines the heat source, the 
cesium diode, and the heat rejector. A fission
able core supplies part of the overall critical 
mass and heats the diode by nuclear reaction. 
The fissionable material is clad with re
fractory metal that acts as the emitter for 
a cylindrical thermionic diode containing 
cesium plasma. In turn, the diode collector 
connects through an insulator to a liquid
metal cooling system. The system keeps the 
reactor temperature down while it cools the 
collector. This is a problem because re
actor cooling more or less dictates the tem
peratures of the diode electrodes. Other 
difficulties for the nuclear-thermionic diode 
are the changing compositions of electrodes 

----~ -~- --- -- --- --- .~ ~-
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FIGURE III-31.-Nuclear-thermionic element. 

and insulators and the trapping of fission 
products. 

The thermionic converter can handle the 
big power densities and high temperatures of 
a nuclear reador and, interestingly, the 
coolant can be discharged at a temperature 
sufficiently high to operate a steam power
plant. The combination of thermionic diode 
topping cycle and steam powerplant may be 
useful on Earth. 

A recent journal article (ref. 1) from an 
industry engaged in nuclear-thermionic de
velopment gave one viewpoint on tempera
ture topping. Schematically, the system dis
cussed is similar to the one in figure III-32. 
The nuclear reactor, at temperatures higher 
than 3700° F, heats a futuristic diode that 
has a 23-percent conversion efficiency; the 
configuration is similar to the cylindrical 
nuclear-thermionic element discussed earlier. 
The diode dumps its waste heat into the 
steam cycle of an existing nuclear-turboelec
tric power station; this system, without tem
perature topping, has a 32.-percent efficiency. 
The steam -drives a turbine coupled to a 
generator. After passing through the tur
bine, the steam condenses in the cooler, and 
the water is pumped back into the nuclear
thermionic reactor. 

For this case, it was concluded that tem
perature topping with future cesium diodes 
win increase the overall conversion efficiency 
by 12 percent, the station output by 79 per-

cent, and the efficiency of fuel utilization by 
37% percent. It was also indicated that the 
79-percent increase in electric output will be 
attended by a 6-percent reduction in power 
costs. 

The cesium diodes of today will not work 
in a system like this, however, thus there are 
a few problems. 

Nuclear-thermionic diodes trap fission 
products and change compositions. Actually, 
a change in the emitter and collector com
positions would be preferred-to give more 
current and higher voltage. Electrode prob
lems presently hold the cesium diode effi
ciency at 20 percent, but small electrode im
provements should come in the near future. 
A cesium diode must have a space of about 
0.01 inch between the emitter and the col
lector. This tiny distance betyveen the elec
trodes makes fabrication difficult, but main
taining the spaced, fiat, parallel condition of 
the two surfaces during operation seems im
possible. With the emitter temperature above 
3000° F and a drop of 100,000° F per inch 
across the gap, thermal relaxation and shock 
alone seem to doom the diode, but it has been 
made to work. This does not end diode 
thermal problems, however, temperature also 
causes emitter materials to reorient, vaporize, 
and then condense and grow on the collector. 
Additives that oppose these processes are 
being studied. 

The very reactive element cesium is used 
in diodes because it forms a plasma easily, 
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FIOUHE 11I-32.-Cesium-diode temperature-topping pos
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but that same reactivity enables cesium to 
dissolve or combine with many metals and 
insulators. So diode materials must be chosen 
carefully or they may end as one big, hot, 
mixed-up blob. 

The cesium diode makes considerable di
rect current at less than 1 volt. If direct 
current at moderate voltage is required, 
diodes can be connected in series, but if 
alternating current and high voltages are 
needed, part of the diode output must be 
used to change its power to alternating cur
rent. Alternating current costs 20 to 25 per
cent of the diode output on Earth and 30 to 
40 percent in space. 

There are possible plasma diodes with al
ternating outputs, and they may use other 
plasmas with or without ce ium. Alternating
current diodes, however, are well behind the 
direct-current diode, which is yet being 
developed. So alternating-current diodes are 
future possibilties, and some of the thinking 
that may lead to alternating-current plasma 
diodes can be outlined. Some of these possi
bilities are sketched in extremely simplified 
forms in figure III-33. The hot plate on the 
left of each diode is the emitter, and the cold 
plate is the collector. The first method uses 
part of the diode output to run a magnetic 
switch that flips the plasma from one col
lector to the other. In the second approach, 
some of the power injects electrons into the 
plasma periodically from a hot grid. These 
two diodes recycle parts of their outputs to 
produce frequencies fixed by external circuits. 

There are ideas also for plasma diodes that 
yield alternating power directly-without 
added equipment. In one, the plasma oscil
lates between two states at approximately 1 
million cycles per second. Another interacts 
beams of charged particles with the plasma; 
ion beams produce millions of cycles per 
second, while electron beams yield billions 
of cycles per second-or microwave power. 
Finally, proper plasmas and mirror configur
ations may bring maser and laser outputs 
directly from heat. 

This is a brief discussion of possible alter
nating plasma diodes; little more is war-

ranted because alternating diodes are either 
ideas, early experiments, or unruly direct
current diodes at the present time, but they 
certainly deserve some investigation. 

Only direct developments of the diode have 
been discussed, but as usual, an upgrading of 
related technologies results from any good 
research and development program. Research 
on thermionics has helped to make better 
vacuums, plasmas, sensors, instruments, ma
terials, fabrication; in fact, it can be implied 
that all technological roads lead to the cesium 
diode, but that may be exaggerating a little. 

It is hard to look long at a bright future 
for plasma diodes without prospecting a bit. 
Suppose 79 percent more power could be 
generated at 6 percent less cost. That is a 
nuclear-electric bonus that cesium-diode tem
perature topping may yield in the near fu
ture. Think of the results of direct conversion 
of heat to alternating power. Some day, this 
too should result from work that began just 
a few years ago as research and development 
on the thermionic diode. 

CONCLUDING REMARKS 
A limited number of applications of space 

power technology to everyday living has 
been suggested. There are many more pos
sible applications. Consider, for example, 
the development of solar collectors. There 
are several programs under way to develop 
collectors with diameters up to and exceed-
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FIGUHE 111- 33.- Viodes with alternating outputs. 
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ing 30 feet. No guess has been made as to 
the future application of this development on 
Earth. In a similar manner, it is felt that, 
in many of the areas discussed here, im
portant new technology is being generated 
for which present applications on Earth are 
not seen. These applications will become 
clear at a later time. 

It can be concluded that the NASA space 
power program and related programs of 
other government agencies, industry, and uni
versities are providing a great impetus to 
the advancing technology of el€ctric power 
generation. Promising new ideas have been 
introduced and old ideas and principles are 
being redeveloped to fill new uses. These 

new ideas and developments have been di
rected toward specific objectives of space 
or other limited objectives. The results of 
this work have applications much broader 
than the original limited objectives. In some 
cases the new development may have a revo
lutionary effect on our economy. Fuel cell 
development might lead to such a revolu
tion. In all areas that have been discussed 
there are gold mines of new and useful tech
nology. 
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IVa. Lubricatiol1 in Difficult Environments 

WILLIAM J. ANDERSON 

Lewis Research Center 

To REALIZE THE IMPORTANCE of good 
lubrication, one need only ponder the signifi
cant fact that from one-third to one-half of 
all the energy produced in the world is lost 
in friction. Of course, even those in the lubri
cation field admit that some friction is neces
sary in certain processes, but most endeavors 
are toward a reduction in friction and wear. 
Lubrication problems in aerospace equipment 
are particularly severe because bearings must 
operate under a variety of extreme condi
tions. 

Bearings must be operated in cryogenic 
fluids such as liquid hydrogen and liquid 
oxygen, which are extremely cold. The tem
perature of liquid hydrogen, for example, is 
-423° F. At the other extreme, bearings 
must be operated in an environment consist
ing of combustion products or hot gases, the 
temperatures of which may range to 1200° F 
or higher. At cryogenic temperatures oils 
and greases become glasslike solids, and at 
the high temperatures they boil away or de
compose. Other lubrication techniques had to 
be developed in response to these needs. Al
though these problems appear to be wholly 
related to space rather than to industrial 
problems, they are solved by the application 
of principles that can be applied to lubrica
tion problems in general. 

Aerospace machinery utilizes many types 
of bearings such as liquid- and gas-lubricated 
sliding bearings and ball and roller bearings 
operating in the environments mentioned as 
well as in hard vacuum and intense radiation. 
This brief discussion, however, will be con-

fined to some of the work performed to de
velop extreme-temperature ball and roller 
bearings and more reliable long-life bearings. 

Before discussing nonconventional lubrica
tion methods, the functions of a lubricant 
will be reviewed briefly. First, the lubricant 
must prevent surface damage at the contact 
between sliding and rolling surfaces by pro
viding a contaminating film. Second, the 
lubricant should remove frictional heat that 
is generated. Of these two functions, the 
need to remove frictional heat is quite ob
vious but what is a contaminating film? It is 
any sort of surface film, liquid or solid, that 
prevents clean metals from coming into in
timate contact with each other. If clean 
metals do come into intimate contact under 
load, they will weld or stick, and severe sur
face damage may result. Graphically illus
trated in figure IVa-1 is what happens when 
two unlubricated clean metals slide against 
each other. The materials have welded, and 
a piece of one material has been torn 
away from the main body. The lubricant must 
prevent this, because if it occurs in a bearing 
the bearing will fail. Rapid wear out is one 
failure mode of bearings that results from 
inadequate lubrication. 

The components of a ball bearing are 
shown schematically in figure IVa-2. The 
ball bearing is composed of several parts. It 
has an inner race, which is fastened to and 
rotates with the shaft, and an outer race, 
which is usually encased in a fixed housing. 
In the annular space between the inner and 
the outer races, there are a number of rolling 
elements (in this case they are balls). The 
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last part of a ball bearing is called the re
tainer or cage. Its purpose is to keep the 
rolling elements equally spaced. In a ball or 
roller bearing all the pure sliding contacts 
involve the retainer. The retainer slides on 
its locating race and the balls slide in the 
pockets against the retainer. The contact 
that takes place between the balls and the 
races is partly rolling and partly sliding. 
Lubrication is required at all these rolling 
and sliding contacts. 

In applications in which oil lubrication 
cannot be used, a retainer made of a self
lubricating or slippery material is substituted 
for the standard metallic retainer. As shown 
in figure IVa-3, lubrication is provided di
rectly at all the retainer contacts. Lubrica
tion is also required at the ball-race contacts. 
It can be accomplished by means of a trans
fer film. The ball slides in the retainer pocket 
and continually wipes a thin film from the 
pocket and deposits it on the race. It is im
portant to note that only minute quantities 
of lubricant are necessary. Surface films a 
few millionths of an inch thick are adequate; 
therefore, self-lubricating materials and coat
ings can be effective lubricants. 

FIGURE IVa-I.- Severe surface welding resulting from 
unlubricated sliding; 2 percent aluminum-nickel alloy 
from experiment at vacuum of 10-9 millimeter of 
mercury . 
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FIGURE IVa-2.-Ball-bearing components. 

Materials containing fluorocarbon polymers 
have been highly successful when used as 
retainers in cryogenic applications where, as 
mentioned previously, conventional lubricat
ing oils become glasslike solids. While the 
use of self-lubricating materials such as poly
tetrafluoroethylene and nylon in low-speed 
sleeve bearings is not new, a number of new 
materials containing polytetrafluoroethylene 
have been developed for high speeds. These 
materials have better strength, are easier to 
fabricate, and are useful in a wider variety of 
bearings. 

Cryogenic turbo machinery must run at 
high speeds in order for the turbine and 
pumps to operate efficiently, and this re
quires high-speed bearings. The frictional 
characteristics of polytetrafluoroethylene are 
good, but they are not quite so good as those 
of oils, and, therefore, the · heat generation 
problem becomes more acute as illustrated in 
figure IVa-4. The balls are rotating very 
rapidly and the centrifugal force developed 
tries to throw them out of the bearing. In 
standard ball bearings the force between the 
balls and the outer race becomes appreciable 
and results in considerable heat generation. 

It was therefore necessary to describe 
mathematically what occurs inside a high
speed bearing to determine the effect of 
different design variables, such as bell di
ameter, on heat generation. One thing this 
analysis indicates is to us·e small balls; this 
is physically obvious because reducing the 
ball size reduces the centrifugal force. How
ever, the ball size can be reduced only a 
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FIGURE n 'a-3.-Points of sliding in a ball bearing. 

limited amount before the space availabl€ for 
the retainer becomes too small, If the re
tainer cross section is reduced too much, it 
will break at high speed because of inade
quate strength. 

A possible solution to this problem is the 
use of hollow balls. One very promising 
technique being investigated for the produc
tion of hollow balls is the use of electron
beam welding to fasten two hemispherical 
cups together. Although hollow balls have 
not been evaluated experimentally, the micro
structure produced by electron-beam welding 
appears promising. 

As a result of this program, high-speed 
ball-bearing design philosophy has been 
changed considerably. The small-ball concept 
is now being widely used to produce more 
reliable high-speed bearings in which lubrica
tion problems are less critical. 

The fact that self-lubricated bearings can 
be operated at high speeds without the need 
of conventional oils has broad implications, 
There are many applications where freedom 
from the danger of organic contamination 
would be desirable, for example, textile and 
food-processing machinery. 

In the extremely high temperature range, 
organic materials such as polytetrafiuoro
ethylene decompose, and inorganic solid lubri
cant coatings must be used. Simple sprayed
on coatings containing such common solid 

lubricants as graphite and molybdenum disul
fide are in common use, but their use is 
limited to the temperature at which they 
begin to oxidize. 

Future aerospace applications may require 
bearings to operate white hot. To meet this 
requirement, coatings are being developed 
that are fused to the surface by firing them 
at very high temperatures-just as a ceram
ist glazes a ceramic. 

The melting points of some solid lubricants 
suitable for very high temperature applica
tions are too high to allow them to be fused 
to the surface of ordinary metals. The solid 
lubricant is therefore mixed with a second 
constituent in the proper proportions to pro
duce a eutectic, As an example, the solid 
lubricant, lead oxide (melting point, 1630° 
F), can be mixed with lead silicate (melting 
point, 1350° F) to form a €utectic with a 
melting point of 1317° F. 

A water slurry of the two constituents is 
first sprayed on the surface, and then the 
coating is fired in a furnace. Coatings may 
be fired in an air atmosphere, but if oxida
tion of the base metal is a problem and if the 
solid lubricant is not easily reduced, a hydro
gen atmosphere may be used. 

Because of the expense of conducting full
scale bearing tests, experimental coatings are 
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FIGURE IVa-4.- Effect of ball size in high-speed bearings. 
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first evaluated in simple friction and wear 
tests utilizing a bullet-shaped rider rubbing 
against the face of a rotating disk. Friction 
coefficients and specimen wear are measured 
in these tests. The most promising coatings 
are then evaluated in bearings by applying 
the coating to the retainer. Bearings with 
lead oxide-lead silicat€ coated retainers have 
been successfully operated at 12000 F and 
5000 rpm at the Lewis Research Center. 

The approximate useful temperature 
ranges of polytetrafluoroethylene and various 
types of coatings are illustrated in figure 
IVa-5. Polytetrafluoroethylene is usable 
from cryogenic temperatures up to a maxi
mum of 450 0 F. If self-lubricating materials 
are required at temperatures higher than 
450 0 F, one of the coatings or carbons listed 
on the chart must be used. Molybdenum di
sulfide coatings have an approximate maxi
mum temperature usefulness of about 750 0 F. 
Some of the newer carbons developed by in
dustry in response to the needs of the aero
space field contain special impregnants to 
reduce oxidation and are useful at tempera
tures as high as 1000 0 F. Lead oxide coatings 
are us€ful to about 12500 F and fused calcium 
fluoride coatings are useful to a maximum of 
about 1800° F. These various lubricating ma
terials can be used to solve lubrication prob
lems extending over a very wide tempera
ture range from the cryogenic temperature 
region to 1800 0 F, where metals are white 
hot. As long as coatings remain intact, good 

lubrication will be obtained, but when the 
coating is worn through, the part will fail. 
Since coatings must be used as very thin 
films, the life of the coating is frequently 
short. Bearing life can be extended by sup
plying reservoirs of the lubricant in the parts 
being lubricated. Figure IVa-6 is an example 
of how a ball-bearing retainer might be 
modified to include reservoirs to provide an 
extra supply of solid lubricant. Techniques 
like this are being used to extend bearing life 
to several hundred hours. 

Some of the lubrication techniques that 
can be applied where conventional lubricants 
become unusable have been discussed. When 
an adequately lubricated ball bearing runs 
under load, it will fail by fatigue. Fatigue 
occurs when a part is subjected to stresses 
that are repeated until the part breaks. In 
principle, a bearing fails in much the same 
way. The pressure from a ball rolling over 
a given spot on a race creates a high stress 
in the material. As succeeding balls roll over 
this spot, the material is stressed again and 
again. Eventually, a crack forms in the ma
terial at the weakest point. This crack 
spreads with successive stress applications 
until a piece of material breaks off; this is 
called a fatigue spall. A typical fatigue spall 

RESERVOIRS 

FI GU RE IVa-6.-Ball-bearing retainer with solid lubricant 
reservoirs. 
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is shown in figure IVa-7. A piece of material, 
roughly circular in shape, has fallen out of 
the race groove. The previous discussion cen
tered on the lubricant, which was the life
limiting factor causing failure by wear and 
surface destruction. In the case of fatigue, 
the material is the life-limiting factor. Re
search on fatigue has shown that most fa
tigue cracks originate at what is called in
clusions or foreign particles. Figure IVa-8 
is a photograph of a typical inclusion at 
which a fatigue crack has started and is 
a highly magnified cross section of a race as 
seen through a microscope. The inclusion is 
located in the region where stresses are very 
high-about 0.015 inch below the surface. 
Although this is considered to be a large in
clusion, the inclusion itself is quite small
about 0.0005 inch in diameter. 

Bearing materials are complex alloys con
taining several metals and carbon. Some of 
the alloying elements react with oxygen in 
the atmosphere to form hard oxides when 
the bearing alloy is melted and fused. Hard 
oxides constitute one type of damaging in
clusion. In conventional air melting, as il
lustrated in figure IVa-9, no attempt is made 
to control the atmosphere so that these 
damaging oxide inclusions can be formed. In 
addition , the melt is fused in a ceramic or 
clay crucible. Small ceramic or glasslike 
particles sometimes break off from the cru
cible and get into the melt. Until a few years 

• 

F IGUIlE I Va- .-Fatigue crack originating at an inclusion. 

CERAMIC 
CRUCIBLE 

F IGURE I Va-g.-Conventional ai r melting. 

ago bearing materials were melted in an air 
atmosphere. 

A process known as consumable electrode 
vacuum melting was devised to eliminate 
inclusions and foreign particles (fig. IVa-
10). A water-cooled copper crucible is used 
to eliminate the possibility of ceramic parti
cles getting into the melt. The raw ingot is 
used as one terminal of an electric arc that 
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FIGURE IVa- lO.-Consumable electrode vacuum melt ing. 

is initially struck from the ingot to the 
copper. A vacuum is drawn to remove gases 
as the energy from the arc gradually melts 
the ingot. The melt collects and fuses in the 
copper crucible. Since there is no ceramic 
crucible present and since the oxygen has 
been removed by the vacuum system, the two 
principal causes of fatigue have been largely 
eliminated. Consumable electrode vacuum 
melting is now widely used to produce uni
formly clean, high-quality bearing alloys. 

The second way in which bearing fatigue 
life can be improved is through better manu
facturing. Whenever a material is shaped 
by rolling, forging, or extrusion, the metal 
grains take on a stringlike pattern, resem
bling fibers-thus, the term fiber flow. The 
fiber flow in a bearing race that has been cut 
from tubing is illustrated in figure IVa-11. 
Research has shown that metals are weaker 
in fatigue when the ends of the fibers are 
exposed to the stressed surface than when 
the fibers are parallel to the surface. Note 
the fiber ends, which are exposed to the 
stress region in the race cut from the 
tubing. 

If a special forging technique is used, a 
race with essentially parallel fibers in the 
highly stressed ball groove can be produced. 

To summarize these techniques very briefly, 
bearing life has been extended by largely 
eliminating inclusions and foreign contam
inants which cause fatigue. New forging 
techniques are being used to produce better 

fiber orientation in the bearing races. These 
two techniques together conservatively re
sult in an increase in bearing life of about 
six times that of a decade ago. 

Further improvements are being realized 
from the development of new nondestruc
tive inspection techniques utilizing ultrason
ics. These techniques are used to detect 
minute subsurface flaws in the material. 
While these methods are still experimental, 
they offer much promise. The net result of 
all these factors may be an improvement in 
bearing life of as much as 10 times that of a 
decade ago. 

Let us summarize briefly what has been 
said. Several lubrication techniques which 
can be used to provide llelbrication for bear
ings in which conventional oils and greases 
cannot be used have been illustrated. Self
lubricating materials, such as polytetraflu
oroethylene and several types of lubricant 
coatings, have a potentially wide range of 
applications where clean bearings are re
quired. Examples are food-processing equip
ment and textile machinery, where contami
nation from oils would be undesirable. When 
lubrication is adequate, improvements in ma
terials have resulted in the extension of bear
ing fatigue life to about six times that of a 
decade ago. This increased life means that 
greater reliability can be obtained in machin
ery required to operate unattended for long 
periods of time. 
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WHAT ARE LIQUID METALS? Obviously 
any solid metal will melt if heated to a 
sufficiently high temperature. Liquid metals, 
however, are those metals that melt at a 
relatively low temperature: within a few 
hundred degrees of room temperature. 
Among the liquid metals are mercury and 
the alkali metals, sodium, potassium, lithium, 
and cesium. 

The technological uses of liquid metals are 
both quite old and quite new. Applications 
of liquid metals go back beyond recorded 
history and some have yet to be fully realized. 
The earliest record of a liquid metal was un
covered by the famous archaeologist Schlie
mann, who found a small vessel filled with 
mercury in a tomb in Kurna, Egypt; the 
tomb was estimated to be from the 15th or 
16th century B.C. A retrospective glimpse 
shows that mercury was used from early 
times as a medicinal agent and also as an 
extraction medium for the separation of gold 
and silver from their ores. 

The alkali metals, sodium and potassium, 
were first isolated over 150 years ago. Almost 
immediately they found use as chemical re
ducing agents in the first commercial pro
duction of aluminum. Today, most of the 
sodium produced (about 250 million lb) is 
used in the synthesis of tetraethyl lead, an 
antiknock agent for automotive gasoline. 

Until recently, liquid metals have been ex
ploited primarily for their chemicai proper
ties. In the past 40 years the special physical 
properties of liquid metals have pointed the 
way to new applications. It is these special 

physical properties and the uses suggested by 
these properties that are discussed. 

Figure IVb-l illustrates that the liquid 
metals have a very large range of tempera
ture over which they are liquid in comparison 
with other fluids that have enjoyed industrial 
applications, such as water and Dowtherm. 
The lower and the upper boundaries of the 
bars indicate the melting temperature and 
the normal boiling temperature, respectively, 
for each material. It should be noted not 
only that do the liquid metals have a wide 
range but that these ranges extend to high 
temperatures. Mixtures of two liquid metals 
often produce a solution with a lower melt
ing point than the melting point of either 
component. That mixture yielding the lowest 
melting solution is termed a eutectic mixture. 
A mixture of 78 weight percent sodium and 
22 weight percent potassium, shown as NaK 
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F I GURE IVb- l.- Liquid range of selected fluids. 
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FIGURE I Vb-2.-Thermal and radiation stability of fluids . 

in figure IVb-1, is a eutectic mixture with a 
melting point of 120 F. This is to be com
pared with a melting point of 208 0 F for 
sodium and 146 0 F for potassium. The phe
nomenon of eutectic mixtures can be used to 
advantage to extend the liquid range of 
metals downward. 

The stability of liquid metals is excellent 
when they are exposed to heat and nuclear 
radiation (fig. IVb-2). This is uniquely so 
because the liquid metals have a monatomic 
structure, while the makeup of most other 
liquids is that of polyatomic molecules held 
together by chemical bonds. Since the amount 
of energy required to break a chemical bond 
is not very large, decomposition of polyatomic 
molecules can be expected when they are 
subjected to heat or nuclear radiation. For 
example, hydrocarbons begin decomposing at 
about 5000 F. The rupture of the molecular 
structure will usually produce undesirable 
changes in the fluid. Decomposition of water 
under nuclear radiation leads to the forma
tion of hydrogen and oxygen gases with a re
sultant pressure buildup in closed systems; 
decomposition of organic fluids results in the 
formation of sludges and crud. 

Liquid metals are endowed with superior 
qualities as heat-transfer fluids. They have 
both a large volumetric heat capacity and a 
high thermal conductivity. A large volu
metric heat capacity means that these fluids 
have the ability to soak up large quantities 
of heat energy; high thermal conductivity 
indicates that heat energy can be transmitted 
through these fluids rapidly. An illustration 

of the capability of liquid metals to perform 
as heat-transfer fluids would be helpful at 
this point. Assume that we were to build a 
1-megawatt nuclear reactor and had a choice 
of the three heat-transfer fluids, sodium, 
water, or air, to remove the heat energy from 
the reactor. Since there is a limit to the 
heat-transfer capability of each fluid , the 
question we may ask is, how small can we 
make a 1-megawatt reactor before exceeding 
the capacity of a particular fluid to extract 
heat? In figure IVb-3 are pictured three 
volumes bounded by the peripheries of a 
beer keg, a pickle barrel, and a wine tun. 
Imagine that each of these volumes repre
sented the core volume of a 1-megawatt re
actor. Then, each volume would be the 
minimum volume that could be cooled by the 
fluid shown below each picture. Sodium, 
manifestly, has the best heat-transfer capa
bility of the fluids used in this example. 

Liquid metals are good conductors of elec
tricity second only to such well-known con
ductors as copper and silver. Sodium, for 
instance, has a specific resistance only three 
times as great as copper. In addition, the 
alkali metals can be readily ionized, since the 
ionization potential, or the energy required 
to remove an electron from an alkali metal 
atom, is quite low. This means that posi
tively charged ions of sodium or cesium, for 
example, can be easily formed. 

SODIUM WATER INERT GAS 

FIGURE IVb-3.-Heat-transfer capabili t ies of selected 
fluids. I-Megawatt nuclear reactor minimum core size 
as determined by coolant fluid. 
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To recapitulate, liquid metals are tech
nically interesting fluids because of their wide 
liquid range, stability, excellent heat-transfer 
characteristics, and special electrical proper
ties. 

One of the earliest applications of the 
special physical properties of liquid metals 
was conceived about 40 years ago-sodium 
cooling of exhaust valves. In an internal 
combustion engine the exhaust valve head 
is heated by exposure to the combustion 
process; also the exhaust gases deliver heat 
to the underside of the head. The objective 
is to transfer heat down the stem and dissi
pate the heat through the cooled valve guide. 
Sodium filled valves markedly reduce valve 
temperatures. Heat is transferred from the 
head of the valve to the stem by the splash
ing of the liquid sodium as the valve moves 
up and down. It can be seen in figure IVb-4 
that the temperature of the sodium-cooled 
valve is 3000 to 5000 F lower than the solid 
stem valve. All aircraft engines over 300 
horsepower and heavy duty truck and bus 
engines use sodium-cooled valves. As would 
be expected, temperature reduction mate
rially increases valve life. 

A logical extension of this cooling concept 
has been suggested for turbojet engines and 
is still in the experimental stages. Turbojet 
engines could realize increased thrust and 
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FIGURE IVb-4.- Effect of sodium cooling on exhaust valve 
temperature. 

efficiency if the temperature of the gas enter
ing the turbine was increased. The limiting 
factor of the turbine-inlet temperature is 
the strength of turbine blade material, since 
material strength falls off rapidly with in
creasing temperature. If turbine blades were 
cooled, turbine-inlet temperatures could be in
creased without exceeding material stress 
restriction. Two turbine blades, one solid and 
the other honeycombed with liquid-metal-filled 
passages, are illustrated in figure IVb-5. The 
honeycomb blade has fins fixed to the outer 
side of the passage along the lower end to 
permit effective transfer of heat from the 
liquid metal to cooling air. With an 1800° F 
turbine-inlet temperature for the solid blade 
and a 2200° F turbine-inlet temperature for 
the liquid-metal-cooled blade, the liquid
metal-cooled blade will actually run cooler 
than the noncooled blade. 

From jet engines let us turn to a more 
prosaic use of liquid metals for heat transfer. 
For example, how could liquid metals find use 
in the manufacture of glassware? Glass 
blanks at about 2100° F are placed in a blow
ing mold and are air blown to final shape. 
The temperature of the glass drops about 
1000° F during the 5-second blowing opera
tion. All this heat is absorbed by the mold, 
transferred to the outside surface of the 
mold, and finally dissipated by blowing cool-
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FIGURE IVb-S.-Effect of liquid-metal coolihg on turbine
blade temperature. 
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"FIGURE I Vb- 6.-Proposed liquid-metal temperature for 
glass-molding operation. 

ing air over the surface. It is important that 
there be good temperature control, because 
too high a temperature results in glass stick
ing to the mold and too low a temperature 
causes checking of the glass. Good operation 
requires a method of rapid heat transfer and 
at the same time the maintenance of a con
stant temperature of about 1100 0 F. Figure 
IVb-6 is a schematic of a proposed tempera
ture control system for glass molds. The 
liquid metal circulated through the mold ex
tracts or adds heat as required. It has been 
estimated that for an 8-ounce baby bottle, 
pictured in the figure, the liquid metal could 
control temperature such that the tem
perature of the mold would not rise more 
than a few degrees during each blowing op
eration. This is to be contrasted with a 1000 

to 300 0 F rise without liquid-metal cooling. 
From baby bottles to milk is a simple jump. 

Also a simple jump is considering the ap
plication of the heat-transfer capabilities 
of liquid metals to the processing of milk, in 
particular, pasteurization where high heat
transfer rates are desirable. In fact, many 
food processing operations could similarly 
benefit, because high heat-transfer rates 
allow increases in processing capacity and 
lessen damage to flavor and vitamin content. 

The heat-transfer characteristics of liquid 

metals invite their use for a whole spectrum 
of applications from jet engines to baby 
bottles. But this is only a start. Research 
presently being conducted under sponsorship 
of the AEC, the DOD, and NASA in the use 
of liquid metals as heat-transfer fluids in the 
temperature range of 1200 0 to 2200 0 F will 
serve to widen and extend the application 
of these fluids. 

A second major technological use of liquid 
metals is as working fluids in electric power 
generating systems. Figure IVb-7 is a pic
torial representation of a Rankine cycle 
power system. Such power systems are 
widely used for the generation of electric 
power. In the boiler, liquid heated by energy 
from a nuclear reactor or from combustion 
of fossil fuel produces vapor. (In the case 
of a steam powerplant the liquid used is 
water.) The vapor passes through a turbine, 
which converts the energy of the vapor to 
mechanical shaft work, which is then used 
to turn an electric generator. After leaving 
the turbine, the vapor is condensed to liquid 
by cooling and the liquid is pumped back to 
the boiler. 

In general, the greater the temperature 
difference between the temperature of the 
vapor entering the turbine and the condens
ing temperature of the vapor, the greater is 
the efficiency of the power cycle. The lowest 
temperature attainable for condensation is 
set by the temperature of the coolant used; 
for terrestrial power systems this tempera-

HEAT 

FIGURE IVb- 7.-Rankine cycle power systelll. 
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ture is that of available river or lake water. 
The highest practical temperature that can 
be realized for the vapor entering the tur
bine depends on the particular working fluid 
chosen and the strength of the materials 
available for containing the fluid. 

To clarify the role of temperature in 
choosing a fluid for a Rankine cycle system, 
let us refer to figure IVb-1, which shows the 
liquid range of several fluids. The normal 
boiling point of each liquid is given by the 
topmost limit of each bar. The normal boil
ing point is that temperature at which the 
pressure of the vapor above the liquid reaches 
1 atmosphere (or 14.7 lb/ sq in. abs). In 
the case of water this temperature is 2'12 0 F. 
The main observation to be made from this 
figure is that the normal boiling points of 
the liquid metals are generally quite high, 
ranging from 675 0 F for mercury to 2440 0 F 
for lithium. 

The variation of vapor pressure with tem
perature for water and some of the liquid 
metals is illustrated in figure IVb-8. A 
horizontal line drawn across the plot at 14.7 
pounds per square inch absolute would in
tersect each vapor pressure curve at a tem
perature equal to the normal boiling point 
of the respective fluid. It can be seen that 
as temperature increases the vapor pressure 
builds up rapidly. Obviously, there will be 
a pressure above which it will be difficult, if 
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FIGURE IYb-S.-Yapor pressure of selected working fluid. 

not impossible, to contain the vapor because 
of strength limitations of materials. Under 
such conditions it is necssary to switch to the 
use of another fluid with a lower vapor pres
sure. 

The shaded areas of the figure indicate 
what are believed to be practical operating 
regions for power systems using the working 
fluids shown. The higher the temperature at 
which a fluid can operate, the greater can 
be the system efficiency. In figure IVb-9 is 
shown a measure of the dividends achievable 
by increasing operating temperature. Heat 
rate is plotted against powerplant capacity 
for powerplants using one of three working 
fluids, water, mercury, or potassium, each 
operating in their optimum temperature 
regime. The heat rate is the ratio of the 
available fuel energy to the electric energy 
generated and, as such, it is a measure of 
efficiency. The curves for water and mercury 
are derived from powerplant operation ex
perience, while the curve for potassium is 
estimated. From these curves, it can be in
ferred that an appreciable gain is to be 
made in powerplant efficiency by the use of 
liquid-metal working fluids at high tempera
ture. 

Currently, as shown in figure IVb-8, there 
are two major programs on Rankine cycle 
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FIGURE IVb-9.-Electric powerplant fuel efficiency. 
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space power systems, sponsored by NASA, 
AEC, or DOD. The SNAP-8 space power 
system is a 35-kilowatt nuclear-electric sys
tem using mercury as the working fluid and is 
now in its early development stage. More 
advanced power systems that could produce 
several megawatts of electric power for 
space vehicle propulsion and would use potas
sium as the working fluid are still in the 
research and component evaluation stage. 
The knowledge and experience gained from 
these systems should have a major impact 
on terrestrial powerplants a decade or two 
from now. Higher system efficiency may 
allow us to reduce costs and should certainly 
allow us to conserve irreplaceable fuel sup
plies. 

Some of the heat-transfer and working 
fluid applications of liquid metals have been 
mentioned. Some of the electrical uses of 
liquid metals are discussd in the following 
paragraphs. The good electrical conductivity 
of liquid metals enables them to be used at 
either high or low temperatures to carry 
large currents. For example, sodium filled 
iron pipes have been used as bus bars to carry 
up to 4000 amperes d.c. for several years 
with no signs of deterioration. Also, liquid 
metals can be used as frictionless brushes 
or switching contacts in electrical equip
ment. The ubiquitous mercury switch is but 
one example of this type of application. 

In the last few years many new exotic ap
plications based on their faculty to ionize 
readily have been found for the alkali metals. 
A cesium propellant ion engine is shown in 
figure IVb-10. (More detail on the signifi-
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FIGUHE IVb- lO.-Cesium propellant ion engine. 

cance of this engine in the space program is 
presented in the paper by Mr. W. D. Rayle.) 
In this engine, the passing of cesium vapor 
through a very hot porous tungsten plate 
results in the ionization of the cesium: an 
electron is stripped from the atom, leaving 
a positively charged cesium ion. The cesium 
ions are then accelerated by an electric field 
to high velocities, thereby resulting in thrust 
to the engine. 

Other futuristic electrical uses of liquid 
metals are as ionized working fluids in mag
netohydrodynamic power systems and as an 
ionized vapor to dissipate current limiting 
space charge in thermionic devices. 

To complete this discussion of liquid-metal 
technology, some of the hazards of, experi
ence with, and containment material for 
liquid metals should be mentioned. Liquid 
metals are not extremely hazardous materials 
and when properly employed offer few diffi
culties. With mercury, the major hazard is 
the toxicity of the vapor. Mercury, however, 
has been used as a power system working 
fluid in half a dozen commerical powerplants 
since 1922. Safe methods have been developed 
to handle large quantities of mercury and to 
detect leaks in operating equipment. 

The main hazard involved in the use of 
alkali metals is fire. Alkali metals react 
vigorously with oxygen and water and, under 
the proper conditions, burst into flame. The 
wide experience, however, with the alkali 
metals has shown that they can be handled 
and used safely. Sodium is shipped in 80,000-
pound lots throughout this country in rail
road tank cars. Both sodium and NaK have 
been used in liquid-metal-water and liquid
metal-air heat-exchange systems for over 
two decades as part of the AEC liquid-metal
cooled reactor programs. Experience has 
shown that when leaks do occur the reactions 
have been nonviolent, with little damage to 
the system other than plugging. 

The choice of container materials for use 
with liquid metals depends on material cor
rosion and strength at the operating tem
perature. Figure IVb-ll is a bar graph of 
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materials suitable for use with mercury and 
the alkali metals as a function of tempera- 2500 

ture. The identification of suitable contain-
ment materials above 1000° F is the result of 
many research programs conducted by the 
AEC, DOD, and NASA. Materials definition 
in the region above 2000° F is the object of 
current research. 

In summary, the liquid metals can be 
uniquely employed as high-temperature heat
transfer and working fluids and in special 
electrical applications because of their large 
liquid range, stability, excellent heat-transfer 
characteristics, and good electrical proper-
ties. Contemporary liquid metals research 
and development projects are further serving 
to widen and extend the technological useful
ness of liquid metals. 

FIGU RE IVb- J I.- Compatibili ty of materials with selected 
liquid metals. 
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IVc. Cryogenic and Superconducting Devices 

EDMUND E. CALLAGHAN 

Lewis Research Center 

1"" 
1 N THE LAST DECADE there has been a tre
mendous interest in the use of cryogenic 
techniques as a means of reducing power 
consumption in all kinds of electrical devices. 
The electrical resistivity of most conductors 
decreases very markedly with temperature, 
as illustrated in figure IVc-I. Good conduc
tors such as copper or aluminum show a de
crease in electrical resistance of four or five 
orders of magnitude between room tempera
ture and temperatures near absolute zero. 
Absolute zero is defined as that temperature 
at which all gross motion of the atoms ceases. 
There is a distinct leveling off of the re
sistance at very low temepratures, and there 
is a residual resistance of most materials at 
temperatures near absolute zero. A class of 
materials known as superconductors shows a 
sharp drop in resistance at very low tempera
tures; lead and tin are two such materials. 
A considerable number of elements and alloys 
have this property, and at some critical tem-
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FIGURE I Vc-I.- Resistance of conductors. 

perature, dependent on the material, the 
resistance drops to a value so low as to be 
unmeasurable by any techniques now avail
able. 

There are therefore two distinct classes of 
conductors: normal conductors and supercon
ductors. These classes are discussed sepa
rately, with the discussion first considering 
(1) a decrease in resistivity by going to low 
temperatures with normal conductors and 
(2) superconductors. An interesting sidelight 
is that materials such as copper and alumi
num, which are considered to be good con
ductors at room temperature, either are not 
superconductors at all or at least are very 
poor ones. Other materials that are rather 
poor conductors at room temperature are 
rather good superconductors. 

The value of applying cryogenic but non
superconducting techniques to electrical de
vices is to reduce the total power consumption 
of such a system. It must be possible to de
crease the power consumption of a particular 
electrical device sufficiently that the sum of 
the power consumed by the device and the 
refrigeration power is less by a significant 
amount. Obviously, the electrical heating 
losses in the device must therefore be reduced 
to as small a value as possible. The particu
lar device of concern at Lewis was a large 
cryogenic magnet, but the same principles 
apply to any electrical device that has a sig
nificant power loss simply due to the resist
ance of the conducting material. 

In general, then, the first problem is the 
choice of a conductor that will give the best 
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possible characteristics at low temperatures. 
The characteristics of resistance R of normal 
materials are as follows : 

R = RT + Ro + Rolf 

where R7' is the thermal resistance, Ro is the 
residual resistance, and RJI is the magneto
resistance. The thermal resistance is a func
tion of the temperature and really results 
from the activity of the atoms in the ma
terial. If the atoms are thought of as being 
in a lattice structure, tied together in a neat 
and orderly arrangement, it is easy to 
visualize what happens. An atom situated at 
any particular point moves up and down or 
crosswise in the lattice and interferes with 
the motion of the current-carrying electrons. 
As the temperature is decreased, the atomic 
motion decreases, and the electrons pass more 
easily through the lattice. The residual resist
ance is a function of atomic regularity and 
merely reflects the fact that impurities and 
stresses tend to disorder the lattice structure. 

Practically all the resistance at room tem
perature results from thermal resistance 
(see fig. rVc- I). At very low temperatures 
most of the resistance is residual resistance. 
The residual resistance can be reduced by 
using very pure materials in an annealed or 
unstressed condition. 

Magnetoresistance is probably a new term 
to many people, and it is a function of the 
magnetic field in which the conductor lies. 
Since magnetic fields are generated by elec
trical currents, it is impossible to build an 
electrical device that does not produce a 
magnetic field; many large devices such as 
electrical generators produce quite large 
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fields. Magnetoresistance is significant only 
at low temperatures, but it can result in very 
large effects. In order to visualize how mag
netoresistance produces its effect, consider 
the simple picture of the lattice structure 
filled with magnetic field lines. Since the 
current-carrying electrons tend to be tied to 
the magnetic field lines, this fact also inter
feres with their ready passage through the 
lattice structure. 

For the cryogenic device, the selection of 
a material that has the minimum total re~ 
sistance under the specified operating condi
tions is therefore desirable. A material with 
low residual resistance and magnetoresist
ance is needed, for if operation is at suffi
ciently low temperatures, that is, less than 
40° R, the thermal resistance can be made 
negligibly small. Detailed studies have been 
made of the magnetoresistance of a large 
number of conductors, and some typical re
sults are shown in figure IV c-2. The par
ticular data shown are for aluminum and 
copper at 15° R. Aluminum is much better 
than copper for all cases in which the mag
netic field is significant. In fact, aluminum 
shows an interesting characteristic called 
saturation; that is, above a field of about 
20,000 gauss there is no further increase in 
magnetoresistance. This characteristic is ex
tremely advantageous when high fields are 
desired or when they merely exist. 

The application of what has been discussed 
may now be considered. If a device wastes 
considerable electrical power at room tem
perature simply because of electrical resist-
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FIGURE IVc-4.-Cryogenic magnet. 

ance, what advantages can be gained by 
going to low temperatures? Figure IV c-3 
shows a particular case that was studied, that 
is, a magnet that produced a field of 100,000 
gauss and that absorbed 3 megawatts of elec
trical power at room temperature. In this 
figure is plotted the power ratio, that is, the 
total power (load) of the magnet and its 
cooling or refrigeration plant divided by the 
power required to operate the magnet alone 
at room temperature. The power ratio goes 
from a value of about 1.2 at room tempera
ture down to quite low values at about 20° R. 

The fact that the power ratio is greater 
than 1 at room temperature merely reflects 
the inefficiencies in the refrigeration plant; 
the temperature must decrease to 200° R be
fore the value becomes 1. The minimum 
value was between 20° and 50° R, and the 
minimum power ratio was 0.04 or 4 percent 
at about 35° R. The reason for the sharp 
rise in power ratio as very low temperatures 
are approached is the inefficiency of any 
low-temperature thermodynamic cycle; in 
fact, it would take an infinite amount of 
power to achieve operation at 0° R. 

The results in this figure are shown merely 
to point out the large reduction in power 
losses that can be achieved by cryogenic 
techniques. Each separate case would have 
to be studied as to the best choice of con
ductor material and operating temperature. 

An actual cryogenic magnet, built for 
operation at liquid neon temperature, 50° R 
or -410° F, is shown in figure IVc-4. The 
final magnet will consist of six pairs of coils 
like the ones shown and should produce a 
field of over 150,000 gauss. The power con
sumption will be about 1 megawatt compared 
with 100 megawatts, which would be required 
at room temperature. The construction of 
the magnet is quite interesting. High-purity 
aluminum is used as the conductor. Since 
the magnetic field is high, the stresses are 
large. The field of 150,000 gauss is the 
equivalent of 14,000 pounds per square inch 
of gas pressure inside the magnet bore. Con
struction details are shown in figure IV c-5. 
In order to carry the high stresses involved, 
the aluminum strip is bonded by a mastic or 
glue to a stainless-steel channel that carries 
the loads out to the heavy retaining ring 
that holds everything together. Many small 
spacers are provided between each turn to 
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FIGURE I\ 'c-5.-Construction of coils of cryogenically 
cooled aluminum magnet. 
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allow passage of liquid neon through the coil; 
cooling is accomplished merely by submerg
ing the coils in a bath of liquid neon and 
allowing it to boil off as the magnet is 
operated. 

Although it is evident that cryogenic tech
niques can result in substantial savings, the 
question might well be asked, "Why bother, 
when superconductors can reduce power 
losses completely?" The answer is really that 
in the future superconductors may well be 
used but that at present cryogenic-system 
technology is much further developed than 
superconductivity, which is still in the re
search stage. This research is vigorous and 
widespread, however, and is advancing rap
idly. 

In order to discuss superconductors, their 
uses, and potential , their characteristics 
should first be reviewed briefly. 

Some characteristics are inherent in all 
superconducting materials. First, in the 
superconducting state they have absolutely 
zero resistance. A superconducting closed 
ring immersed in liquid helium, for example, 
has carried a continuous current around the 
loop for several years. The fact that no 
measurable decrease in the current was ob
served indicated a resistance so low as to be 
effectively zero. Such a current set up in 
a normal conductor would cease almost im
mediately when the power source was with
drawn. Secondly, the region over which the 
superconducting property of any material 
exists is determined by the temperature, the 
magnetic field, and the electrical current 
flowing in the superconductor. In general, 
the superconducting domain is sharply de
fined, that is, a material is either supercon
ducting or it is not, and a sharp jump in 
resistance is observed at the critical bound
ary between the normal and the super
conducting states. The third characteristic 
of a superconductor is the exclusion of mag
netic field, which is known as the Meissner 
effect. 

The region or domain over which super
conductivity exists can be examined in more 
detail. The critical current as a function of 

temperature is shown in figure IV c-6. Con
sider a superconducting wire through which 
there is a current and the temperature of 
which can be controlled. If no current is 
flowing and the temperature is lowered to a 
value known as the critical temperature, the 
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material suddenly becomes superconducting. 
For each value of current through the wire 
there is a particular temperature at which 
there is a sudden jump from the normal to 
the superconducting state. For any point 
within the shaded area, the wire will remain 
superconducting but outside the critical 
boundary the material will be a normal con
ductor. The highest value of critical tem
perature is 33 0 R for the alloy Nb3Sn. 

Exactly the same type of behavior is ex
hibited in a magnetic field (fig. IVc-7) and 
the same type of sharp jump is observed be
tween the normal and the superconducting 
states. Finally, then, a relation for the criti
cal current field of the superconductor is 
constructed. Both an externally imposed 
magnetic field and a current are in the 
sample. A typical example is shown in 
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F IGURE I Vc-9.-Magnetic-field exclusion; Meissner effect. 

FIGU RE I Vc- lO.-Magnet floating on its own field. 

figure IV c-8. The critical boundary curve is 
for a constant t emperature. Lower tempera
tures increase the superconducting region; 
that is, they raise the critical boundary. The 
exact shape of the curve is determined by the 
material, and many superconductors exhibit 
a straight-line relation between the two end 
points. The sharp boundary between the 
normal and the superconducting st ates is 
exactly the property used to make cryotr ons. 
The cryotron is merely a piece of supercon
ducting wire with a small coil wrapped 
around it. Current flow in the wire can be 
stopped by energizing the coil and producing 
a sufficiently large magnetic field to force 
the superconducting wire into the normal 
state. 

The third property of a superconductor is 
exclusion of the magnetic field, which is 
shown schematically in figure IVc-9. Con
sider a straight wire in a magnetic field. The 
end of the wire is the circle and the wire 
runs into the page. For most materials the 
magnetic field passes through the wire with 
no significant displacement of the flux lines. 
If the temperature is lowered and the wire 
becomes superconducting, then the magnetic 
lines are totally excluded. Magnetic-field ex
clusion exists in a whole class of supercon
ductors to a very marked degree, but many 
new superconductors made of alloys show the 
effect only to a limited extent. The most 
obvious application of this characteristic is 
a superconducting bearing, in which a shaft 
would float on the magnetic field. Such a 
bearing would be truly frictionless. A labora
tory demonstration of magnetic-field exclu
sion by a superconductor is shown in figure 
IV c-10. Floating above a lead dish is a small 
bar magnet. The lead has been chilled in 
liquid helium and made superconducting. In 
the normal case the magnet would lie in the 
dish and the flux lines from the bar magnet 
would pass through the dish. When the dish 
is superconducting, the magnetic flux lines 
are excluded from the dish and the bar mag
net floats on its own magnetic field. 

In the past, superconducting materials 
have had the following basic difficulties: 
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(1) They could not carry substantial cur
rents without becoming normal conductors. 

(2) Even small magnetic fields were suffi
cient to make them normal conductors. 

(3) Sufficiently low temperatures were 
not readily available. In most cases tempera
tures well below 25° R are required, and only 
liquid helium at 8° R is sufficiently cold to 
give good superconducting properties. 

Now many new superconducting materials 
carry enormous currents in the presence of 
high magnetic fields. In figure IV c-ll is a 
single superconducting wire of niobium-zir
conium and its equivalent in a copper wire 
for room-temperature operation. The di
ameter of the copper wire is over 0.50 inch, 
while that of the superconductor is only 0.01 
inch. Also shown is a very large copper wire 
over 0.750 inch in diameter and its equivalent 
in a superconducting ribbon of Nb3Sn, which 
is 0.0025 inch thick and 0.125 inch wide. This 
is an indication of the kind of compactness 
that can be achieved in superconducting sys
tems. A further illustration is a supercon
ducting magnet. The magnet has a 2-inch 
bore and when operated in the Dewar filled 
with liquid helium produces a field of 60,000 
gauss (fig. IVc-12). The magnet operates in 
a persistent mode without any power supply. 
The electric currents that produce the mag
netic field simply go around in a closed path 

200 AMP 500 AMP 

FIGUIlE lYe- ll.-Current capacity. 

through the coil wires. It is, of course, neces
sary to supply the initial current to generate 
the magnetic field. 

Achieving these kinds of fields with normal 
room-temperature techniques requires a con
siderable investment in equipment. A water-

FIGUnE lVc-12.-Superconducting magnet. 
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cooled magnet at Lewis that produces the 
same field over about the same volume is 
shown in figure IV c-13. Heavy bus bars are 
requir-ed to bring the power to the magnet. 
This magnet absorbs about 1 megawatt of 
electrical power. A room full of electrical
power equipment is needed to operate the 
magnet, some of which is shown in figure 
IVc-14. This is only really about half the 
total electrical-power equipment that is re
quired. 

FIGURE IVc-13.-Water-cooled electromagnet. 

FIGURE IVc-14.-Magnet power Bupply. 

The superconducting magnet is immersed 
in liquid helium, and although no heat is 
generated by the magnet, there are small 
losses due to heat leakage into the system. 
Replacing the helium boiloff due to leakage 
requires about 2 kilowatts as compared with 
the 1 megawatt required for the Lewis water
cooled magnet. 

Numerous studies have been made of the 
application of the new superconducting ma
terials to all types of electrical devices; even 
such prosaic and well-developed items as 
transformers can be significantly improved. 
Furthermore, such systems would be greatly 
reduced in size by factors of 10 to 100. De
tailed studies have shown that the normal 
electrical substation, for example, which now 
occupies one-quarter or one-half of a city 
block could be compacted into a unit about 
the size of an office. This reduction in size 
would certainly be of great value in down
town areas of large cities. 

Another application of superconductors is 
energy storage. Large amounts of energy can 
be stored in the magnetic fields of super
conducting magnets and this energy can be 
withdrawn as electricity. So far, the L-ewis 
studies indicate that such devices can pos
sibly be considerably better than ordinary 
battery power. 

Another interesting application is an a-c
d-c rectifier. A device has been built with two 
cryotrons or gates. These gates operate al
ternately at 60 cps, and 1 ampere of alternat
ing current has been converted into 500 
amperes of direct current and stored in a 
magnet. The device is about as large as a 
man's fist. The usual techniques would re
quire a solid-state converter about 100 times 
as large. 

The future of the whole field of super
conductivity is bright, and it will undoubtedly 
have a marked effect on the electrical indus
try. 
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IV d. Ion and Plasma T echnology 

WARREN D. RAYLE 

Lewis Research Center 

REVIOUS DISCUSSIONS have mentioned 
both ions and plasmas. However, at the risk 
of being repetitive, these terms are redefined 
with the aid of figure IVd-l. At the top is 
symbolized a normal gas, with the dots re
presenting neutral atoms or molecules. The 
process of ionization is shown in the center
the removal of an electron from the neutral 
atom or molecule leaves a positive ion. At 
the bottom is symbolized a plasma made up 
of ions and electrons. 

Such charged particles can be acted on by 
electric and magnetic fields. They can be 
accelerated to very high velocities. A plasma 
can be heated, confined, or squeezed without 
contact with material bodies. The plasma 
ions and electrons need not have the same 
temperature~processes are known which can 
heat either species selectively. The quantities 
most important in signifying the state of a 
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FIGURE n 'd-l.-Ionization. 

plasma are (1) the temperature of the con
stituents, and (2) their densities-the num
ber of ions or electrons in a given volume. 

The plasma state is involved in any elec
tric arc or spark. Familiar plasmas include 
the gas in a neon light or in the core of a 
lightning bolt. Very high temperatures will 
also bring about ionization and hence the 
plasma state. The sun itself is a huge mass 
of plasma; the stream of charged particles 
flowing from the sun through the solar sys
tem may be considered a very tenuous 
plasma. Plasma temperatures may range 
from a few thousand to hundreds of millions 
of degrees; plasma densities vary from near 
zero as in interplanetary space up to the 
very compressed matter in the cores of stars. 

The work being performed in developing 
the ion and plasma technology is aimed at 
specific objectives. In figure IVd-2 are 
shown some of the processes and development 
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FIGURE IVd-2.-Ion and plasma technology. 
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areas, as well as some of the direct applica
tions. The space propulsion, nuclear fusion, 
and power generation applications are not 
the only applications; they are the most in
teresting from the viewpoint of the space 
program. The space propulsion system re
quires the production, acceleration, and con
finement of plasma or ion streams. Analytical 
techniques are needed to determine the 
character of the streams at various locations. 

The use of plasma in power generation
sometimes referred to as a MHD generator
takes advantage of the electric conductivity 
of the plasma. Conventional devices use 
metallic conductors moving through mag
netic fields. A plasma can be used in a similar 
manner. This involves the production, ac
celeration and deceleration, confinement, and 
heating processes. 

Nuclear fusion is the reaction which 
powers the H-bomb. It is also the source of 
the Sun's power. To obtain a controlled 
fusion reaction, with light atoms combining 
to form heavier ones and releasing energy, it 
is necessary to generate and confine an ex
tremely hot plasma for an appreciable time. 
The required temperature runs to hundreds 
of millions of degress. Mr. E. E. Callaghan 
has described the generation of extremely 
strong magnetic fields using superconductors 
and cryogenic techniques; such strong fields 
will be essential to the confinement of thermo
nuclear plasmas. 

This is a broad outline of some of the areas 
in this field of technology and the goals to
ward which it is directed. Many people and 
many organizations are working in this field. 
Research and development is being sponsored 
not only by NASA but also by the Depart
ment of Defense and the Atomic Energy 
Commission. Knowledge and techniques ob
tained in a given area are often directly 
applicable to another. Going from the gen
eral to the particular, consider some of the 
developments in ion and plasma technology as 
it relates to the space propulsion application. 

During the next decade men are to land on 
the moon. This feat will be accomplished us
ing chemical rockets. Such rockets are limited 

in performance, both in theory and in prac
tice. Looking to the future, toward inter
planetary missions or to deep space probes, 
we can see the need for more potent propul
sion systems. Both nuclear and electric 
rockets offer, in theory, substantial improve
ments. 

Any rocket provides a thrust depending 
both on the amount of matter being ejected 
and on the velocity with which it is ejected. 
By accelerating our propellant to higher ve
locity, we can reduce the amount of propel
lant required. Chemical rockets have maxi
mum exhaust velocities in the range from 
10,000 to 15,000 feet per second. With elec
tric rockets there is effectively no upper limit 
on the velocity attainable. Velocities from 
100,000 to 200,000 feet per second are most 
appropriate from powerplant considerations. 

For space missions, electric rockets use 
relatively little propellant but give low 
thrusts-on the order of a few pounds for a 
major mission. Such low thrusts are effec
tive because they are sustained over long 
periods of time that typically approach a 
year. The electric rockets for major missions 
require large powerplants--of the order of 
10 megawatts. Many systems and processes 
are being developed in the area of electric 
power generation . The eventual applicability 
of electric rockets depends most strongly on 
these developments leading to lightweight, 
reliable space powerplants. 

A block diagram of an electric propulsion 
system is shown in figure IV d-3. Here, a 
rather conventional power system is assumed. 
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FIGU nE IVd-3.-Electric propulsion systems. 
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A nuclear reactor serving as a heat source 
heats a working fluid; this drives a turbo
generator and then passes through a radiator 
back to the reactor. The electric output then 
passes through a control system to the 
thrustor. One alternative sketched here 
would use a bank of solar cells to provide the 
power to the control system. 

What might some of these electric rockets 
or thrustors look like? The ion rockets that 
have been most extensively investigated fall 
into two categories, according to the means 
used to produce the ions. The first is the con
tact ion engine (fig. IV d-4). The propellant 
used is the metal cesium, which forms ions on 
contact with the hot porous tungsten elec
trode. The ions are accelerated by an elec
trode structure, which is similar to that used 
in some radio or television tubes. Electrons 
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FIGURE IVd-4.-Contact ion engine schematic. 

E .IGURE IVd-5.-Cutaway view of electron bombardment 
engine. 

are added to neutralize the beam. The de
velopment of these engines has had ramifica
tions especially in the fields of materials 
handling and fabrication and in the porous 
metal technology. 

The other category of ion engine uses elec
tron bombardment to produce ions. Figure 
IV d-5 is a cutaway view of such a bombard
ment engine. This one uses mercury as a pro
pellant, although in principle any material 
could be used. The propellant is ionized with
in the chamber and the ions are accelerated 
through the perforated plate structure. In 
this system a considerable amount of work 
has been devoted to the cathode, which is 
shown as a metal hairpin in the figure. The 
cathode supplies the electrons used in ioniz
ing the propellant; the development of dur
able cathodes for this engine may have ap
plications in other fields. 

Both engines requke systems for control
ling and metering the extremely low pro
pellant flow rates. As mentioned before, the 
development of the accelerator structures has 
used existing radio tube technology and, in 
turn, has contributed to it. 

Another type of thrustor is one called a 
hybrid arc jet. Figure IV d-6 is a simple 
schematic of such an engine. This thrustor 
operates by passing a large electric current, 
and arc, through the propellant. The result
ing plasma is accelerated by electromagnetic 
forces to very high velocities. The jet em erg-

FIGURE IVd-6.-Hybrid arc jet. 
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ing from this arc may have an effective 
temperature approaching a million degrees. 
Again, it appears likely that a beam of such 
hot matter may well have other applications. 

Suppose an unmanned space station is to 
be sent to Mars. How can a decision be made 
about which system is the better of those dis
cussed? It cannot be decided because suffi
cient information is not available at this time. 
Estimates based on extrapolation of existing 
technologies can be made. The result of one 
such estimate is shown in figure IVd-7, which 
is a curve representing the relation between 
trip time and payload for an electric rocket 
system. It shows that about three times the 
payload could be obtained with electric 
rockets as compared with the chemical rocket, 
or the extra capability of the electric rocket 
could be used to reduce the trip time and keep 
the same payload. Even mare favorable com
parisons have been made for more difficult 
missions-interplanetary round trips, for 
example. 

How does the present state of the thrustor 
art compare with some of the proposed mis
sion requirements? Power and durability 
requirements for three applications are illus
trated in rough form in figure IV d-8. 
Thrustor powers over 1 megawatt are needed 
for manned interplanetary trips, with oper
ating times over 10,000 hours. Unmanned 
probes need about the same durability, but 
may get by with power levels of tens of kilo
watts. Station keeping and attitude control 
might need only a few hundred or thollsands 
of watts with operating lifetimes of 1000 
hours and up. Such use would be intermit
tent, so that such engine operating times 
could correspond to satellite lifetimes of a 
few years. 

Also indicated on the chart are some typical 
current performances. Single ion engines 
have already been run at powers in the range 
of tens of kilowatts, with smaller engines 
having shown durabilities approaching 1000 
hours. The hybrid arc jet has been operated 
at power levels of hundreds of kilowatts, with 
very long operation not yet attempted. 

Obviously, the higher levels of power could 
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be obtaind by the operation of more than one 
engine simultaneously. Similarly, the operat
ing lifetimes could in theory be obtained by 
using replaceable engines. There seems little 
reason to doubt, however, that the needful 
lifetime can be obtained. 

One caution should be made--the power 
levels and operating times are not by any 
means the only qualities required, Another 
crucial measure of the electric rocket per
formance is the efficiency with which it con
verts its power into thrust, As of this mo
ment, the ion engines possess an efficiency 
advantage over the more powerful arc jets. 
At typical operating conditions set by mission 
requirements, the ion engines may approach 
80 percent efficiency, while the arc jet as yet 
has shown only about 40 percent. 
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In summary, our existing technology seems 
already nearly adequate to provide thrustors 
for the station-keeping and attitude-control 
missions. Systems to propel unmanned probes 
appear readily attainable and even the man
ned mission application appears within the 
range of the continuously developing tech
nology. 

The development and testing of such 
thrustors will now be considered. The natural 
habitat of an electric rocket is space, that is, 
an environment with lots of sunshine, a few 
micrometeors, and very little else. The "very 
little else" constitutes an extremely hard 
vacuum, one which is almost impossible to 
duplicate on Earth. The appropriate place to 
develop electric thrustors is space. This is not 
practical. The next best method is to create 
a reasonable facsimile here on Earth. Such a 
testing facility is a large vacuum tank such 
as is shown in figure IV d-9. This 25-foot
diameter tank produces a vacuum of the or
der of one-billionth of an atmosphere. The 
pumps in this view are capped to prevent con-

FIGU IlE I\'d-9.- Vacuum facility. 

FIGURE IVd- lO.-Three-engine array in vacuum facili ty. 

tamination. To help maintain the vacuum, a 
large cryogenic baffle is used inside the tank. 
This is a system cooled by liquid nitrogen 
wherein such propellants as mercury or ce
sium freeze out, thus reducing the load on the 
pumps. 

The ports visible along the front of the 
tank provide access for instrument and power 
leads. Although the pressure quoted is not 
nearly so low as that in space, experience 
leads us to believe that the performance of an 
ion engine in this tank should be about the 
same as it would be at lower pressures. In 
operation, the rocket is mounted in a lO-foot
diameter chamber at the far end of the tank. 
A closer view is given in figure IV d-10, 
where an array of three ion engines is being 
installed for testing. 

The use of vacuum facilities cannot prove 
conclusively that a given system will perform 
in the same manner in space. Such final proof 
demands that an engine be first tested on the 
ground-in a tank-and then be operated in 
a similar manner in space. Such a test has 
been designed and should be launched this 
summer. Figure IVd-ll shows the Space 
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Electric Rocket Test (SERTj paylJad in the 
vacuum tank with one of its two ion engines 
visible. This payload carries one contact 
(cesium) ion engine and one electron bom
bardment (mercury) engine. It will be 
launched by a solid rocket and remain above 
the atmosphere for over 30 minutes. The 
very small thrusts of the ion engines will be 
used to cause the spin of the payload to in
crease and decrease. Performance data will 
be telemetered to ground for comparison with 
previous tests. The major bulk of this pay
load comprises the bat teries, power control 
subsystems, and telemetry. 

As mentioned before, the plasmas of in
terest to the nuclear fusion process are ex
tremely hot with temperatures of hundreds 
of millions of degrees. Work in this field has 
been concentrated on the twin problems of 
confinement and heating. Figur,e IV d-12 is a 
schematic diagram of a plasma confined by a 
magnetic field. The two coils form a mag
netic field, which is strongest directly under 
the coils. The flux lines follow the pattern 
shown. Such a configuration has been called 
a magnetic bottle, beoause these strong fields 
tend to prevent the plasma from leaking out 
of the central region. Naturally, the devices 
being used for fusion research are consider
ably more complex. The figure serves merely 
to illustrate the principle. The extent to 
which the plasma is confined depends on the 
strength attainable in the magnetic field. The 
rapid development of cryogenic and super
conducting magnets, which Mr. Callaghan 
discussed, should contribute the intense fields 
that seem needed. Fields of hundreds of 
thousands of gauss are very difficult to ac
quire otherwise. 

Producing a thermonuclear plasma in such 
a bottle can be attempted in two sequences; 
one might try first generating the plasma in 
the field, then heating it. Alternatively, very 
high-velocity particles can be generated ex
ternally. These can then be injected and 
trapped in the field, remaining hot while their 
density increases. Both approaches are being 
pursued. 

In this brief discussion, a sample of some 
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of the accomplishments in the field of ion and 
p4asma technology has been presented. Ob
viously the field is still in a rel3Jtively early 
stage of development. What sort of capabil
ities can be foreseen as this technology, ma
tures? In general terms, one can say that the 
ability is being acquired to produce and use 
very energetic beams of matter, as well as the 
ability to heat appreciable quantities of mat
ter to extreme temperatures. The direct ap
plications mentioned - space propulsion, 
power generation, and nuclear fusion-will 
certainly not be the only applications for 
such capabilities. 
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v. Instrumentation for Measurement and Control 

JOHN C. SANDERS, CLARENCE C. GETTELMAN, 
ISIDORE W ARSHA WSKY, AND KIRBY W. HILLER 

Lewis Research Center 

THE NEED FOR INSTRUMENTS to measure 
and to control enters into all fields of human 
endeavor, from ordinary household oper
ations to those of the advanced scientific labo
ratory. To meet these needs, an instrument 
industry has evolved whose annual sales are 
close to 1 billion dollars. Northeast Ohio has 
a considerable stake in this industry; there 
are many local instrument manufacturing 
companies, some of them credited with pio
neering innovations in instrumentation for 
measurement and control. 

Such instrumentation is vital to the aero
space field. For example, an unmanned space 
probe, like Mariner, represents an auto
matically conducted and controlled experi
ment to acquire information about Venus and 
about interplanetary space. In fact, the en
tire NASA may be considered as an informa
tion processing system whose final output is 
merely information. The research labora
tories, the space vehicles, and the space mis
sions themselves provide only this final out
put. The design of measuring and control 
equipment to produce this product requires 
the design engineer also to utilize equipment 
and techniques originating in nonaerospace 
industries. The information finally derived 
becomes universally available. Thus, a great 
two-way flow of knowledge occurs between 
the aerospace and the nonaerospace. fields. 
This conference is a means of promoting that 
flow. 

The substance of this presentation is out
lined in figure V-I, which likens the func-

tions of measurement and control instru
ments to human functions. First, there are 
sensors, like the eye, to detect and measure 
qualities of the physical world. The signals 
containing information acquired by the sen
sor are transmitted to the brain, or to a cal
culator, which makes sense out of the infor
mation, makes decisions, and issues com
mands. The command is issued to some de
vice that can accomplish some action, like the 
human hand; in the terminology of control 
engineering, it is an actuator. The actuator 
acts on some device or process; thus, the 
hand might steer an automobile. 

In many instances, the sensor, or eye, can 
see the effects of the actuator's action, so thaJt 
new information enters the system as a result 
of the action of that system. This circulation 
of information is termed feedback; the con
trol is then said to be a closed-loop control. 
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On a flight such as that of Mariner (fig. V-
2), there were several such closed loops. In 
one loop concerning the electric-power sys
tem, the sun sensor detected the position of 
the Sun and sent a signal to a control system, 
which then actuated jets that oriented the 
spacecraft so that the solar cells (and the 
Sun sensor) faced the Sun. In another loop, 
a second group of jets was used to point the 
transmitting antenna toward Earth. In a 
third loop, the radiometers were pointed to
ward Venus, when the probe was near to the 
planet. 

All of these control loops were only means 
to an end: the acquisition of information 
about Venus. 

The path of this information is represented 
in figure V-3. The signals from numerous 
sensing instruments were collected and as
sembled in proper sequence for transmission, 
by radio, to an Earth-based computer that 
analyzed the information and presented the 
final results in tables and graphs that could 
readily be understood by man. 

A similar sequence is followed in ground-

FIGURE \,-2.- Mariner space probe. 

, 
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FIGU HE V- 3.- Information processing in spacecraft. 
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based information processing (fig. V -4) with 
the exception that the radio link is generally 
replaced by a wire cable. 

Figures V-l and V-4 outline the presenta
tion to follow. First, the principal elements 
of the loop will be treated: sensors, the in
formation-processing chain, actuators, and 
final elements. Then, the entire control loop 
will be considered as a complete system. 

SE SORS 

The first step in acqUIrIng information is 
to measure the physical quantities of interest. 
These measurements may in themselves rep
resent the desired knowledge, or else they 
may provide the basis for exercising control 
actions or making decisions. 

The instrument panel of a modern jet air
liner is filled with instruments, the pointers 
of which tell the pilot his position, direction, 
speed, the condition of the air around and 
ahead of the plane, and the condition of the 
engines, cabin, airframe, and controls. These 
measurements enable the pilot to navigate, to 
take off and to land, to communicate, and to 
make decisions. 

Similarly, the instruments on the panel of 
a Mercury capsule provided information to 
the astronaut that enabled him to establish 
the conditions inside and outside the capsule, 
to control its attitude, on occasion to control 
its speed and direction, to communicate, and 
to make decisions. 

Spacecraft Measurements 

On scientific spacecraft, like Mariner, there 
are no instrument pointers because there are 
no human eyes to see them; but there are 

,"\ \ 

j\~ ~ 
FIG HE i' - 4.-Ground-based information handling. 
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many sensors, or transducers, that make a 
variety of measurements, converting each of 
these into a voltage that can be radioed back 
to Earth. These measurements are rarely 
ends in themselves; they are merely the steps 
to a better understanding of our Earth, our 
solar system, and our galaxy. Thereby, they 
also furnish information about the conditions 
for which we must prepare in undertaking 
manned extraterrestrial flight. 

In the broad context of the scientific ex
ploration of space, the desired measurements 
are as follows: 

To learn about a planet's environment 
Fields: 

Gravitational-field strength 
Magnetic-field strength 
Electric-field strength 

Radiation: 
Reflected sunlight (albedo) 
Thermal radiation from surface 
Thermal radiation from atmosphere 

Atmosphere: 
Composition 
Density 

To learn about ext1'aplaneta1'Y space 
Particles: 

Electrons 
Protons 
Neutrons 
Ions 
Mesons 

Waves: 
Gamma rays 
X-rays 
Ultraviolet rays 
Visible light 
Infrared rays 
Radio rays 

Dust: 
Meteoroids 

Some of the measurements on the Mariner 
flight illustrate how the resulting knowledge 
transcends the mere acquisition of numerical 
data. Thus, the magnetometer measurements 
indicated that Venus was rotating very little 
and that it should not have a dangerous Van 

----~--- ---- ---

Allen belt. The measurements of thermal 
radiation, provided by infrared and micro
wave radiometers, helped to estimate a little 
more closely the probability of biological life 
on the surface of the planet. Three different 
kinds of detectors of charged particles and a 
meteoroid detector yielded measurements 
that provided a better understanding of solar 
activity and of the hazards of manned inter
planetary flight. 

A few specific spacecraft sensors will be 
discussed in brief detail, and an indication 
given of how these have their industrial 
counterparts in Earth-based technology. 

Magnetometers.-The magnetic field of the 
Earth extends far out into space; like the 
gravitational field, it gets weaker at greater 
distances from the Earth. A planet that does 
not rotate is unlikely to have a strong mag
netic field . This appears to be the case for 
Venus, on the basis of the single Mariner 
flight. 

Some of the magnetometers that have come 
into use in the last few decades are 

Search coil 
Flux gate 
Hall effect 
Cathode ray 
Precessing types 

Proton spin 
Rubidium vapor 
Metastable helium 

All are characterized by the fact that they 
can operate on board a ship, an airplane, or a 
spacecraft. 

The search coil magnetometer operates on 
the same principle as the electric ge'nerator
th~t a coil of wire moving through a magnetic 
field develops a voltage between the ends of 
the wire that is proportional to magnetic
field intensity. Search coils were used on the 
Pioneer series of space probes to explore the 
Sun's magnetic field. Synchronous-motor
driven search coils are used to map magnetic
field intensi,ty in large magnets used in 
science and industry. 

The flux-gate magnetometer uses a spe
cially designed electrical transformer whose 
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output voltage is a distortion of the input 
voltage. This distortion is affected by the 
magnetic field that is present; the magnitude 
of the distortion is a measure of magnetic
field intensity. This same principle is applied, 
in a slightly different manner, to constitute 
the flux-gate compass used extensively in 
military and commercial aviation and naviga
tion . 

The Hall-effect and cathode-ray magnetom
eters have lower sensitivity than the other 
instruments and have not been used in space
craft. 

The precessing instruments use a principle 
analogous to that of a spinning top. If a top, 
initially spinning about a vertical axis, is 
tilted so that it is acted upon by gravity, it 
will wobble, or precess, about the initial ver
tical axis. For the magnetometers using the 
precession principle, we go inside the atom 
for the analog of the spinning top, and a 
magnetic field is used to force the precession, 
rather than a gravitational field. 

The proton-spin magnetometer uses the 
spinning nucleus of the hydrogen atom (fig. 
V-5). A coil of wire is wrapped around a 
cell containing water or other hydrogenous 
liquid. The spinning nucleus is disturbed by 
connecting the coil to a d-c power supply for 
about 0.0001 second. The nucleus recovers 
from this disturbance by precessing slowly 
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FIG URE \'- 5.- Proton spin magnetometer. 

back to its original condition; this precession 
produces audiofrequency waves that can be 
picked up by connecting the coil to a suitable 
detector. The recovery takes several seconds 
-long enough to permit accurate measure
ment of the frequency of the waves; this fre
quency is proportional to magnetic-field in
tensity. The physical process involved is also 
termed nuclear' magnet i c 1'esonance; this 
process is used in chemical analysis. 

The rubidium-vapor and metastable-helium 
magnetometers differ from the proton-spin 
magnetometer in the following respects: the 
electrons in the atom are used, rather than 
the nucleus; the disturbance is created by 
using a strong light, rather than a strong 
magnetic field; the recovery produces higher
frequency radio waves or light waves, rather 
than audiofrequency waves; and the proc
esses of disturbance and recovery go on 
simultaneously, so that the indication is con
tinuous rather than intermittent. The phys
ical process involved is termed optical pump
i ng; it is the same process involved in masers 
and lasers. 

The optically pumped magnetometers are 
hundreds of times more sensitive than the 
proton-spin unit, but are also more complex 
and more costly. The order in which the 
three precessing-type magnetometers are 
listed is also the order of decreasing sensi
tivity to rotation and vibration; thus, the last 
two are more suited to airborne use than the 
first. 

A portable proton-spin magnetometer has 
been demonstr3Jted in Switzerland as useful 
in finding a person buried under the snow in 
an avalanche. A person traveling in dangerous 
country must carry a small magnet clipped 
to one of his boots. The presence of such a 
magnet sufficiently disturb the normal mag
netic field of the Earth so that a person 
buried under 10 feet of snow can readily be 
found . When subfreezing temperatures pre
clude the use of water in the cell of the mag
netometer, alcohol is a suitable hydrogenous 
s u bsti tu teo 

Rubidium-vapor magnetometers have been 
flown in airplanes to make rapid and exten-
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sive surveys, in geophysical prospecting for 
oil, where constant altitude above sea level 
must be maintained. The sensitive cell of the 
magnetometer is often carried at the tip of a 
boom extending from the tail of the airplane, 
in order to be far from magnetic parts of the 
airplane. 

Optically pumped magnetometers have also 
been towed at the end of a cable extending 
from an airplane or helicopter. The heli
copter not only can make a slower and there
fore more detailed survey, but also is better 
suited to being flown at constant altitude 
above ground level, as is required in geophys
ical prospecting for minerals. These mag
netometers have also been towed under lake 
surfaces, to make geomagnetic surveys, and 
they have been used to trace deeply buried 
iron pipes. 

Charged particle detectors.-Most of the 
charged particles encountered in space ap
pear to come from the Sun, within the core of 
which temperatures of millions of degrees 
exist. Violent solar activity results in a 
stream of protons, electrons, and ions that 
constitute the sola?' wind. This wind is 
strongest at a time of high sunspot activity. 
(The interaction of this wind with the 
Earth's magnetic field concentrates many 
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FIGURE V--6.- Energy discriminator for charged particles. 
Electrostatic deflection method . 
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F IGURE V-7.- E nergy discriminator for charged particles. 
Absorption method. 

charged particles into the Van Allen belts.) 
The identity, number, and energy or speed of 
these particles must be determined. 

The number of charged particles entering 
an aperture on the spacecraft shell can be 
determined by collecting the particles in a 
cup-shaped electrode that is connected to the 
spacecraft shell through a suitable current
measuring device and a battery or its equiv
alent. Such an electrode is sometimes termed 
a Faraday cup. Other detectors often used 
are ion chambers and Geiger-Mueller coun
ters. 

One of the methods that may be used to 
segregate particles of a particular energy is 
to require them to pass along a path between 
two charged, curved plates (fig. V-6). Only 
particles of a particular energy pass through 
to the collector without hitting and being col
lected by one or the other of the plates. Par
ticles with different energies are collected 
when the voltage on the plates is changed. 

Another method of measuring particle 
energy is to place various thicknesses of 
metal foi l between entrance and collector (fig. 
V -7). The more energetic particles will pass 
through greater thicknesses of metal. From 
physical laws and laboratory experiments, 
the particle energy required just to penetrate 
a given thickness of metal can be computed. 
The spectrum of energies can be estimated 
by using a series of foils, each of different 
thickness, in turn. Such a selective-absorp
tion technique is used in thickness gaging in 
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industry; it has been particularly useful in 
measuring the thickness of rapidly moving 
sheets of metal, paper, or plastic, because it 
involves no mechanical contact with the ~pec
imen. 

Charged particles are deflected by mag
netic fields as well as by electric fields. A 
combination of both is used in some mass 
spectrometer-s for the identification of ionized 
chemical elements; such a combination is 
used also in the ordinary television tube for 
the two-dimensional deflection of electrons. 
In the Nier-type mass spectrometer (fig. V-
8), ions are bent through a circular path 
while they pass between the pole pieces of a 
magnet. The radius of the circle is dependent 
on the mass of the ion and on the voltage 
applied to the collecting electrode; changing 
the voltage permits collection of ions of dif
ferent mass, which is generally equivalent to 
a different chemical element. 

Such mass spectrometers exist in consid
erable variety, ranging from comparatively 
simple devices that are tuned to a single ion, 
as in the helium-mass-spectrometer-type leak 
detector, to those that provide a fairly crude 
chemical analysis in a few minutes, to still 
others that provide highly detailed resolution 
or that provide a complete spectrum in a 
few milliseconds. Such mass spectrometers 
have been used in television- and radio-tube 
processing, in vacuum melting and brazing of 
metals, and in monitoring chemical processes. 
They supplement the gas chromatograph by 
providing an exact calibration for it and by 
providing more detailed resolution of chem
ical components. 

Infrared radiometers.-Infrared radio
meters were particularly important on the 
Mariner flight because they provided infor
mation about the clouds of Venus and about 
the temperature that might exist at the sur
face. This information was obtained by using 
two radiometers: one equipped with an op
tical filter that allowed entrance into the 
radiometer of the characteristic infrared 
radiation from carbon dioxide, which is be
lieved to be the principal constitutent of the 
clouds, and the other equipped with an optical 

filter that rejeoted this carbon dioxide radia
tion and instead permitted entrance into the 
radiometer of the type of infrared radiation 
that could be expected from the surface itself. 

The technique of determining how a gas ab
sorbs infrared light, by use of radiometers 
equipped with narrow-band filters, is a pop
ular industrial method of analyzing the com
position of a gas. The technique is simpler 
than mass spectrometry, but is limited to 
only those gases that have a unique ability 
to absorb infrared light. Such absorption, 
when present, is usually pronounced only for 
certain "colors" of infrared, the "color," or 
wavelength, being characteristic of the gas. 

Infrared radiometry also provides a means 
of measuring the temperatures of solid ob
jects without touching them. It is therefore 
suited to measuring the temperature of 
rapidly moving objects, such as railroad hot 
boxes, metal strip in rolling mills, and paper 
in high-speed printing presses. It has been 
used to map the temperature of the sea from 
an airplane. It has been used to find local 
points of infection near the surface of the 
body, because these points are at slightly 
higher temperature (a few hundredths of a 
degree); for example, it has detected bone 
cancer in the knee at an earlier stage than 
was possible by X-ray diagnosis. 

Infrared light has also been used to gage 
the thickness of sheets of plastic that are 
translucent to infrared. This method is an 
alternative way of measuring the thickness 
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FIGURE V-S.- Nier type mass spectrometer. 
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of moving sheets, often competitive with 
nuclear-radiation methods. 

By means of infrared cameras, hot spots in 
electronic and industrial equipment can be 
detected in time for remedial action before 
failure. Figure V-9 shows an electronic cir
cuit board photographed by ordinary light 
and by infrared light. An overheated com
ponent appears bright; the coldest compo
nents (e.g., the transistors) appear black. 
The temperature of the overheated compo
nent may be estimated by comparing its 
brightness with that of a series of metal 
strips, each heated to a known temperature 
and photographed at the same time as the 
circuit board. These strips appear at the top 
of the figure. 

The U.S. Air Force, in research on Arctic 
clothing, has photographed a human subject 
exposed in a chamber held at 32° F, to de
termine how different parts of the body cool 

FIGURE V-g.- Electronic circuit board. (Courtesy of 
Barnes Engineering.) 

down at different rates. Thus, in a 45-min
ute test, the knees are found to feel the cold 
very soon, while the neck appears more re
sistant to chilling. 

Ground-Based Measurements 

Advanced instrumentation is needed also 
in ground-based research on launch vehicles, 
their rocket motors, the ground-support 
equipment, and, most extensively, in the 
backup engineering research such as that 
conducted at NASA research centers. Among 
the host of sensors involved, brief discussion 
will be made of some of the sensors for force, 
torque, pressure, flow, and temperature. 

Force sensors.-During rocket developo
ment, an accurate measure of engine thrust 
is required. Prior to launching, while pro
pellant tanks are being filled, an accurate 
measure of the changing weight of the 
launch vehicle is required. The needs of the 
aerospace program for both of these meas
urements, and for related ones, have fostered 
the development of electrical weighing de
vices, colloquially termed load cells, to a de
gree of perfection well in advance of what 
was available a decade ago. These load cells 
use the principle that the electrical properties 
of materials change when they are stressed 
by loads and that this change of properties 
can be converted into a measurable voltage 
that is proportional to the load. 

Existing, commercially available load cells 
have capacities ranging from a fraction of a 
pound to 1 million pounds. With appropriate 
electrical circuits, secondary indicating 
instruments, and careful engineering, weight 
changes of one part in 10,000 are readily de
tected. Their advantages are compactness 
(cells having capacities of 250,000 lb can be 
lifted by two men) ; hermetic sealing, making 
them adaptable to outdoor installations; and 
an electrical output that permits remote 
indication of weight that is adaptable to 
automatic computations. 

Typically, load cells have been used to 
weigh trucks on toll roads and airplanes on 
hangar aprons. Another representative ex-
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ample is their use in a batch process of pre
paring solid propellants for solid-propellant 
rockets, in which the operations of weighing 
out the components, mixing, pouring, and 
packaging are controlled automatically, in 
proper sequence, so that there is no need for 
the proximity of personnel in these hazardous 
operations. 

Torque sensing.-One of the recent develop
ments of the Lewis Research Center has been 
an optical method of measuring the torque in 
a shaft turning at high speed. The method 
involves no contact of the measuring instru
mentation with the shaft and is superior to 
older optical methods and other noncontact
ing methods. The principle of operation, 
illustrated in figure V-10, is that the light 
from a stationary lamp is reflected, succes
sively, from two polished surfaces on the 
shaft and forms an almost stationary image. 
The two reflecting surfaces are separated by 
several inches along the shaft. The twist of 
the shaft, proportional to torque, produces a 
slight but accurately measurable displace
ment of the image of the lamp. Measure
ments on high-speed machinery with shafts 
turning at 20,000 to 100,000 rpm are readily 
possible. 

Pressure sensors.-Almost entirely as a re
sult of the needs of aerospace research and 
development, there now exists a great variety 
of compact pressure sensors, most of which 
use the same operating principles as the load 
cells. These can remotely indicate pressure 
from a fraction of an inch of water, as occurs 
in ventilation practice, to thousands of 
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FIGURE V-lO.-Optical torquemeter. 

pounds per square inch, as may occur in the 
operations of forming, forging, and molding. 
They variously combine some of the following 
features: sensitivity, high speed of response, 
vibration resistance, resistance to highly cor
rosive liquids like nitric acid, and ability to 
operate at high temperatures. Water-cooled 
models can measure the pressure inside 
rocket engines, where temperatures of thou
sands of degrees exist. High-speed units can 
follow pressure during every moment of an 
inj ection-molding operation. Their electrical 
output makes them adaptable to use in com
puting networks for the exercise of automatic 
control functions. 

Flowmete1"s.-Turbine-type fiowmeters, de
veloped to measure the flow of jet-engine 
and rocket propellants, are extremely popular 
in rocket engineering because they are small 
and easy to install, do not require a high de
gree of skill on the part of the installation 
technician, and provide remote electrical in
dication. They consist of a threaded or 
flanged casing, a multibladed rotor (turbine 
or propeller) supported on two bearings, and 
an electrical pickup coil leading to appro
priate electrical rate-measuring equipment. 
Such flowmeters are part of the standard 
line of many manufacturers of instruments 
for the process industries. They exist in 
sizes of inside diameter from Va inch to over a 
foot, the largest having been built for such 
applications as measuring the flow of pro
pellant to the 1,500,000-pound-thrust F-1 
rocket engine. 

An interesting new development has 
evolved in the last 2 years from efforts to 
improve the performance of these meters in 
measuring the flow of liquid hydrogen. Since 
liquid hydrogen is so light that it behaves 
more like a gas than a liquid, manufacturers' 
development efforts have produced a line of 
industrial turbine-type flowmeters for meas
uring gas flow that retain the advantages of 
simple construction, simple installation, and 
remote indication. 

The electromagnetic fiowmete1", of partic
ular value in aerospace research, has the ad
vantages that it introduces no obstruction 

.--- ---- - ----~ 
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FIGU RE Y- 1 I.- Electromagnetic flowmeter. 

into the pipe, has negligible pressure loss, 
and provides remote electrical indication. 
The flow of a conducting liquid between the 
poles of a magnet producs a measurable 
voltage at two electrodes, located as shown 
in figure V -11. This voltage is proportional 
to flow rate. In medical research, it has been 
used to measure the flow of blood in the veins. 
In 1949, a larger scale version was developed 
at the Lewis laboratory to measure the flow 
of nitric acid and other rocket propellants. 
It has since found wide application in in
dustry. 

Its principal limitation has been that it 
could be used only with liquids that were 
electrical conductors; it could not be used 
with insulating liquids like oils. However, a 
current NASA-sponsored research and de
velopment program has produced a version 
that is usable with insulating liquids; this 
version may soon be commercially available. 

Temperatu?'e sensors.-The field of tem
perature sensing has seen rapid progress 
during the past decade. 

The traditional industrial thermocouple 
(fig. V-12) has always been one of the more 
convenient ways of measuring temperature. 
The ends of two dissimilar wires are twisted 
together, the junction welded, and the whole 
surrounded by a protective metal sheath. The 
voltage developed at the open ends of the 

wires is a measure of junction temperature; 
the relation between voltage and temperature 
is very reproducible, if the metallurgical 
quality of the wires is carefully controlled. 
Millions of feet of thermocouple wire are 
used each year. 

An advance in thermocouple design oc
curred when it became necessary to measure 
the temperature of the exhaust gas of a jet 
engine. Not only were temperatures higher 
than those in industrial practice, but it was 
also necessary to have thermocouples that 
would rsepond very quickly. To this end, as 
shown in figure V-13, the ends of the wires 
were joined by butt-welding in order to min
imize the mass that had to be heated, and the 
bare wires were exposed directly to the gas 
st'ream, without the obstruction of the pro
tective sheath. The butt-welded construction 
is now common in industrial "fast-response" 
thermocouples. 

New approaches were needed when it be
came necessary to measure temperatures of 
the exhaust gas of rocket engines. These 
temperatures often exceeded 5000° F and 
were thus above the melting point of any 
thermocouple material that would not be 
oxidized and consumed in the hot gas. Satis
factory solutions of the problem were ob
tained by controlled cooling of the thermo
meter bulb. 
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FIGURE V- 12.-Industrial thermocouple. 
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FIGURE V-15.-Cooled-gas thermometer. 

The success of this apparently self-defeat
ing technique is due to the fact that, if the 
mathematical law.:; ()f heat transfer between 
gas and bulb are adequately known and if the 
cooling is accurately controlled, it is possible 
to calculate the true gas temperature even if 
the thermometer bulb is at a considerably 
lower temperature. 

One successful cooling technique is repre
sented by the cooled-tube thermometer (fig. 
V-14) . Through a small tube (resembling 
the external configuration of the bare-wire, 
butt-welded, high-speed thermocouple), suffi
cient cooling water is passed so that the tube 
temperature rises only about 100°. The rate 
of water flow is carefully controlled, and the 
rise in water temperature is accurately meas
ur-ed by thermocouples immersed in the water. 
The exte,rnal gas temperature that produced 
this rise in water temperature can then be 
calculated accurately, if the gas velocity is 
also known by some independent measure
ment. 

A second cooling technique is represented 
by the cooled-gas thermometer (fig. V-15). 
Here, the gas is cooled by sucking it through 
a long tube by an appropriate vacuum pump. 
The long tube is separately cooled by a sec
ondary water-cooling system so that its tem
perature rises only a few hundred degrees; 

the concentric-annuli construction shown in 
the figure represents a typical cooling-pas
sage design. After the hot gas has passed 
down the tube for a sufficient distance, it has 
been cooled to the point where its tempera
ture can conveniently be measured with a 
thermocouple. An adequate knowledge of the 
laws of heat transfer then permits computa
tion of the external gas temperature that 
produced the measured temperature of the 
downstream thermocouple. Variations of 
this method have been used to measure tem
peratures in industrial coal and gas furnaces. 

A third technique that permits measuring 
a 5000° F gas temperature with a thermo
couple like the high-speed thermocouple of 
figure V-13, which would melt at 3000° F, is 
to insert the thermocouple momentarily into 
the gas stream, and then withdraw it before 
its temperature rises above about 2000° F. 
By rapidly cycling such a thermometer bulb 
in and out of the gas stream several times a 
second, the average temperature assumed by 
the thermocouple can be related to the true 
gas temperature. 

The successful developments of the high
speed thermocouple and of the controlled
cooling techniques have been made possible 
by fundamental research in the laws of heat 
transfer between solids and gases in the 
near-sonic, transonic, and supersonic re
gimes; much of this work was performed at 
the Lewis laboratory. These laws, once estab
lished, have had far wider applicability than 
just to thermometry. 

The 'infrared radiometer is also applicable 
to the measurement of very high gas tem
peratures.; an instrument of this type has 
recently been built at Lewis. Although the 
technique is less accurate than the probe
type methods described, the convenience of a 
method that does not require that anything 
be inserted into the gas is often a dominant 
consideration. 

Infrared radiometry is only one of several 
optical techniques for gas-temperature meas
urement. All possess the merit of conven
ience and the fault of reduced accuracy. 



INSTRUMENTATION FOR MEASUREMENT AND CONTROL 129 

Concluding Remarks 

Numerous listings exist of commercially 
available sensors. The ISA Transducer Com
pendium, the result of a recent industry-wide 
survey by the Instrument Society of America, 
lists over a thousand different ·kinds of sen
sors that are commercially available today. 
They range from older, well-established de
vices to others that have recently been de
veloped, perhaps for a single special applica
tion. The wealth and variety of these tools of 
measurement is sufficient that the measure
ment requirements of industrial operatitons 
and engineering development can adequately 
be met from this storehouse, if the tools are 
properly chosen, and properly applied, with 
adequate understanding of the overall system 
and of the end result to be provided by the 
measurements. 

INFORMATION PROCESSING 
The signals provided by the numerous sen

sors used on anyone project must be as
sembled in a form suitable for transmission. 
or telemetering, to an appropriate facility 
where computations can be performed to 
analyze the data, and a final presentation 
made in a form useful to man. These steps 
of data assembly, transmission, analysis, and 
presentation (fig. V-4) are illustrated by a 
particular example, a nuclear test. 

Nuclear-Rocket Test 
In the nuclear rocket (fig. V-16) liquid 

propellant from a storage tank is first passed 
along the wall of the rocket, to be preheated 
and converted into the gaseous form. (Simul
taneously, this process serves to cool the 
rocket walls.) The gas is then passed through 
the reactor core, where it is heated to a very 
high temperature, and then expelled through 
an exhaust nozzle to produce thrust. Such a 
system can generate five times as much 
thrust per pound of propellant as can be 
generated by a conventional chemical rocket, 
such as the one used to launch Mariner. 

As a first step in nuclear-rocket develop~ 

ment, the reactor core is replaced by one that 
is electrically heated, in order to reduce 
hazards and expense. Nevertheless, the test 
remains sufficiently hazardous so that it can
not properly be conducted near a populated 
area. For this reason, such tests are per
formed at the 6000-acre Plum Brook facility 
of the Lewis Research Center, near San
dusky, Ohio. 

Central Data-Process ing System 
In a particular test, 300 sensors are used to 

measure force, pressure, flow, temperature, 
and vibration. Auxiliary equipment required 
to create an appropriate environment for the 
test is monitored with additional sensors. The 
wires from these sensors and from asso-

FIGURE V-16.-Nuclear rocket engine. 
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ciated control equipment terminate in a re
mote blockhouse, from which the test can be 
controlled by human operators and by auto
mated equipment. At this location, also, the 
signals from the sensors are prepared for 
recording on magnt\tic tape. 

One of the operations of such preparation 
is sampling. If the signal from a particular 
sensor varies continuously with time, as indi
cated in figure V -17 the value of the pres
sure is sampled at discrete times, as shown 
in the enlargement on figure V -17, and these 
sampled readings recorded on magnetic tape. 
Samplings from several sensors may be re
corded on a single channel of magnetic tape. 
The recording is in the form of magnetized 
bits on the tape (fig. V -18), which will be 
described more fully later. 

The building in which the recording of 
data takes place serves all of more than a 
dozen rocket test facilities at Plum Brook; 
anv one facility can be connected to the re
co;ding equipment at anyone time. This cen
tralization of recording effects appreciable 
improvements in cost, reliability, and effi
ciency. 

After the test information has been re
corded on tape, the project engineer can play 
the tape back at a slower speed and observe 
on an oscilloscope the manner in which each 
test variable behaved. The oscilloscope dis-

FIGURE V-l .-Seven-channel magnetic-tape record. 
Eighth channel is a timing and run-identification trace. 

play then resembles the curve of figure V-17. 
Portions of particular interest can be selected 
for further analysis; this process is termed 
editing. 

The data-sampling system takes about 
15,000 samples in a second, or about 1 million 
points in a minute, the duration of an aver
age test. Since it is not possible to determine 
in advance what portion of the data is im
portant, the editing process is used to assure 
that only that portion of the data is selected 
for further analysis that is of greatest im
portance. This editing process is essential to 
prevent our being swamped in data and is 
one of the keys to the success of our data
processing system. 

The magnetic tape containing all the data 
of the test run, together with a sheet on 
which the engineer has identified those por
tions that were determined to be of para
mount interest during editing, are taken to 
the central computing center in Cleveland. 
The identifications, together with prede
termined instructions for analysis of the 
data, are programed into the computing 
machine; the output is in the form of tables 
and graphs that describe the results of the 
test in a form easily interpreted and under
stood by the engineer. In the case of the test 
of a nuclear-rocket system, the results may 
be a visual depiction of the dynamics of the 
system, final data on the performance of the 
pump and of the turbine, or a gr~ph of the 
variation with time of the heat-transfer rate 
between the propellant and the wall of the 
rocket chamber. Such results may be com
pared with those predicted by an earlier 
analysis, so that prediction methods for 
future tests may be improved. 

The information handling and computing 
system records and analyzes 20 million data 
samplings per month. Final results of any 
one test are available a few hours after a 
test is completed. By hand methods using 
slide rules or desk calculators, the same anal
ysis would have required three people work
ing for several weeks and a four fold in
crease in cost. 

- l 

_ J 
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I Modern Tools of Data Processing 

The modern high-speed computer makes 
such rapid data analysis possible. Over 50 
percent of the U.S . computer industry in
come is derived from the aerospace field. 
Conversely, present-day space flight would 
be impossible without the computer. The 
manned Mercury flights relied on computers 
that could keep up with the 18,000-mph flight, 
while making intricate computations of the 
trajectory and movement of the spacecraft. 

These elaborate computers have been made 
possible by such electronics-industry develop
ments as the transistor and other solid-state 
devices. These have largly replaced the 
vacuum tube and provided advantages of 
smaller size, reduced weight, and lower power 
consumption. 

These new developments have also made 
possible much of the intricate electronics 
used on board spacecraft. Speed and reli
ability have been increased. More data can 
be collected in a given time, and they can be 
assembled and analyzed in less time. 

In many cases, this increased speed is due 
to the smaller size of transistors and the con
sequence that they can be placed closer to
gether, because speed is often governed by 
the time it takes an electric current to travel 
along a wire from one point to another. Basic 
operations in some computers take place in 
only 10 billionths of a second, the time it 
takes an electric current to travel 10 feet. 

Figure V-19 is a symbolic representation 
of the relative performance obtainable with 
devkes using (1) the conventional vacuum 
tube, (2) ordinary solid-state devices in a 
conventional manner, and (3) microminia
turized versions of these same solid-state de
vices, as they might be constructed for use in 
space flight. Improvement factors for size, 
power, and weight are indicated, relative to 
the vacuum-tube devices. 

Binary Counting 

Speed and reliability are often increased 
when the solid-state devices are used to per
form binary counting by means of off-on 
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FIGU RE V- 19.- Relative performance of comput ing de
vi ces . 
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FIGURE V- 20.- Counting with flip-flops. 

switching circuits called "flip-flops." Figure 
V -20 shows a mechanical analogy of this 
counting operation. The pull-chain electric 
sockets are actually mechanical flip-flops. To 
use them to count the revolutions of a wheel, 
the first lamp socket is arranged so that the 
lamp will light at every second revolution of 
the wheel. Each of the men is instructed to 
pull his lamp-socket chain whenever the pre
ceding lamp is lighted. Thereby, the second 
lamp lights once for every four revolutions 
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FIGURE V-21.- Relative sizes of flip-flop modules. 

of the wheel, the third lamp lights once for 
every eight revolutions of the wheel, etc. This 
binary counting operation is the basic oper
ation in all digital computers, because a nu
merical result can be presented solely through 
the medium of a sequence of on-and-off oper
ations, that is, yes-and-no operations; on 
magnetic tape (fig. V-18) yes-and-no cor
responds to whether the tape is or is not 
magnetized. 

Circuit Developments 

A modern, large computer may contain a 
million basic flip-flop circuits, each consum
ing a certain amount of power that is dis
sipated as heat. This heat raises the tem
perature of the transistors, thereby reducing 
reliability, since the reliability of a transistor 
is halved when temperature is raised 20°. 
This problem is exceptionally serious in 
spacecraft applications, where it is very diffi
cult to get rid of the heat. 

A refined circuit technique has recently 
been developed at Lewis that changes the effi
ciency of the basic flip-flop circuit from its 
usual value of 15 percent to a value of 90 
percent, corresponding to an eightfold reduc
tion in heat developed. Twice as many tran
sistors are required, but any decrease in reli
ability for this reason is more than offset by 
the increase in reliability due to the lower 
operating temperature. Figure V - 21 shows 
the relative sizes of (1) a conventional flip 
flop module using vacuum tubes, (2) a con
ventional flip-flop module using transistors 
and the newly developed circuit, and (3) 

what a microminiaturized version of (2) 
woulO look like. By using the newly de
veloped transisto'I'ized flip-flop design, a com
puter containing 15,000 such flip-flops could 
be operated with no more power than is con
sumed by an ordinary three-cell flashli ght 
and could fit into an ordinary suitcase. 

Magnetic Devices 

Modern developments in magnetic devices 
have also reduced the size and increased the 
speed and reliability of information-process
ing equipment. Magnetic-core memories now 
have the ability to store vast amounts of in
formation, in a relatively small volume, with 
little power consumption. Figure V -22 shows 
one plate out of a cubical stack that consti
tutes a magnetic storage unit. The plate con
tains 1024 tiny rings of magnetic material, 
each ring laced with five wires that perform 
the functions of input, output, location, and 
erasure of on-off information. A stack of 33 
of these plates can store 32 nine-digit num
bers. 

Modern high-quality magnetic tape, such 
as that shown in figure V-18, also provides 
a high storage density of information. The 
video tape recorder, which allows recording 
and rebroadcast of television programs, has 
been made possible partly because of this im
provement in the quality of magnetic tape. 

FIGURE V-22.-1024-Core magnetic-core memory plate. 
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Concluding Remarks 

The rapid developments of the instruments 
and techniques for the assembly, recording, 
and presentation of data, together with the 
modern high-speed computer, have made pos
sible an increase in the scale of information 
processing beyond that which was practical a 
decade ago. Thereby, tasks can now be per
formed that were once too complex to be 
feasible. Manned space flight is an outstand
ing example of such a task. Other examples 
may be expected to develop, in commercial 
and industrial operations, as knowledge and 
skills are disseminated more widely. 

CONTROL COMPONENTS 

Another subject to be considered is that of 
control. As noted in figures V-l and V-23, 
the control has within it information-process
ing functions, such as those previously dis
cussed, as well as data assembly and com
putation. The output of the computing sys
tem in basic control, however, is a command 
that must be executed by some device such 
as an actuator. Shown in figure V-23 is the 
information-processing chain consisting of 
sensed data, data assembly, and calculation, 
which has been discussed. The output of the 
computer in this case feeds an actuator that 
operates on the process that we desire to be 
controlled. In the case of closed-loop control, 
as mentioned before, the sensor observes the 
result of the control action. Thus, two new 
thoughts have been introduced. One of these 
concerns the components of a control system 
and the other concerns the closed-loop con
trol. Consider first the subject of control 
components. 

The special requirements of control com
ponents for space vehicles have made it neces
sary to develop a group of devices with con
siderable industrial interest. Some of the re
quirements that must be satisfied by a typical 
aerospace control component are lightweight, 
low power consumption, high performance, 
environmntal tolerance, long operating pe
riod, and low cost. These same features inci-

dentally are, in general, desirable for most 
control components, aerospace or otherwise. 
For example, for high performance, a fast 
response device may be needed for an aero
space application like a rocket-engine gimbal 
actuator. This actuator swivels the rocket 
engine to keep the missile from tumbling. 
The accuracy of the mission depends on hav
ing a fast-response actuator. Since this is an 
expensive mission, a development program 
can be afforded to advance the state of the 
art for fast-response actuators. The result
ing actuator will also be advantageous for 
industrial applications like a machine-tool
positioning actuator. Before going further, 
however, it would be appropriate to show 
some examples of aerospace control compo
nents that might be of industrial interest. 

Hot-Gas Actuators 

One example of control components of in
terest is the group called hot-gas actuators. 
These actuators are flight-weight instru
ments that combine high performance with 
simple power supply requirements. OTig
inally, they were developed for use with small 
missiles. Their source of high-pressure gas 
is obtained from the combustion of a grain 
of solid propellant. This solid propellant, in 
a small pressure vessel, was ignited seconds 
before the flight of the missile. These ac
tuators have since been adapted to a wider 
range of applications. They can be made to 
operate with fluids of any temperature, down 
to that of liquid hydrogen, but the name hot
gas actuators still is used. 

One example of a hot-gas actuator is a 
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FIGURE V- 23.- Elements of a control. 
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FIGURE V-24.-Electropneumatic mechanical actuator. 
(Courtesy General Electric Co.) 

rotary position actuator (fig. V-24). Its 
source of power is high-pressure gas that is 
fed into the ports on the mounting face. Con
trol signals are supplied to the connector on 
the mounting face of the actuator from a re
mote amplifier. This actuator was developed 
for the nuclear-rocket program. The con
struction techniques are similar to those of 
conventional automotive engine construction; 
however, high-level engineering has adopted 
the construction to satisfy a stringent set of 
specifications. This simplicity of construc
tion is probably responsible for operation 
over such a wide temperature range. If it had 
been built like a precision clock with close 
tolerances, thermal expansion would have 
caused it to seize and malfunction. It is built 
with solid-film internal lubrication so that 
nuclear radiation can be tolerated. It is fail
safe so that on loss of pneumatic or electric 
power it will turn to the closed position. The 
speed of response exceeds most commercially 
available hydraulic actuators. Also construc
tion is of the plug-in type so that by releas
ing a single clamp it can be disconnected 
mechanically and electrically. 

This actuator represents an advance in the 
state of the art for high-performance pneu
matic actuators. As was mentioned, it is only 
one example of a hot-gas actuator. Actuators 
have been developed to run from the gas that 
might be available on their spacecraft. They 

avoid the complexity of other types of power 
supplies like turboelectric generators or hy
draulic supplies. 

Fluid-Interactio n Devices 

Another class of control components that 
should be of considerable industrial interest 
is called fluid-interaction devices. These de
vices are sometimes called pneumatic ampli
fiers with no moving parts. These new de
vices can, in fact, be either pneumatic or 
hydraulic amplifiers. The principle of oper
ation of a fluid-interaction device is explained 
in figure V -25. The device consists only of 
passageways in a block of solid material. 
The geometry is fixed and depends on the 
interaction of fluid streams for operation. 
First a source of fluid pressure is needed to 
create a jet that divides equally on the sharp 
edge. If flow is passed into the right control 
port, the jet is deflected to the left and the 
flow is no longer equally divided. Thus, the 
left output pressure becomes greater than the 
right output pressure. There can be an 
amplification pf the pressure change; in other 
words, a small change in control pressure can 
create a larger change in output pressure. 
Thus, the device is said to have a pressure 
gain. 

As mentioned earlier, the fluid-interaction
device field is rather new. It is well known 
that fluid amplifiers with moving parts such 
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FIGURE V-25.- Typical fluid jet amplifier. 
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as bellows, variable orifices, and jet pipes 
have been in use in the process control in
dustry for many years. Thus, only the non
moving-part fluid-interaction-device field is 
represented as being a new field. This field 
first became of serious interest in 1960 when 
the Diamond Ordnance Fuse Laboratories of 
the Army Ordnance Department, as well as 
the Massachusetts Institute of Technology, 
released information about this important 
new area of work. Widespread interest by 
the Government, universities, and industry 
followed. It is likely that fluid-interaction 
units will eventually become incorporated in
to the pneumatic process controllers that 
were mentioned earlier. A new market can 
be created by the new types of functions that 
can now be performed pneumatically. 

It would be appropriate before proceeding 
further to consider some of the functions that 
can be performed by fluid-interaction de
vices. Figure V -25 shows an amplifier that 
could be capable of making a feeble signal 
from a sensor powerful enough for transmis
sion, recording, or control action. It is there
fore similar to the triode vacuum tube or the 
transistor. Likewise, the functions of other 
electronic components in information-proc
essing circuits have their fluid-interaction 
counterparts. For example, it is possible to 
build fluid-interaction diodes, flip-flops, coun
ters, commutators, and oscillators. In the 
case of pneumatic oscillators and flip-flops, 
cycling frequencies between 1000 and 10,000 
cps have been demonstrated. This is slow 
compared with electronics by a factor of 
10,000, but for many control or simple com
puter applications, it can be more than ade
quate. Since it is possible to build fluid-inter
action counterparts of many electronic de
vices, the possibility presents itself of the 
growth of a fluid-interaction industry that 
could be a small-scale counterpart of the elec
tronics industry. Naturally, fluid interaction 
will never make electronics obsolete. Fluid 
interaction, for example, will never be used 
in communications equipment or high-speed 
computers because it is too slow; however, it 
may be applied in connection with manipula-
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FIGURE V-26.-Laminar construction of fluid interaction 
amplifiers. 

tion of physical objects in actuators, servo
systems, or with liquid- or gas-flow systems. 

An interesting similarity between elec
tronics and fluid interaction is in the area of 
what might be called printed-circuit-board 
construction. Fluid-interaction stages can be 
made by laminar construction techniques. 
Figure V -26 shows a three-stage power am
plifier that is built in the laminar con
figuration. The input stage is in the top layer. 
Its output ports feed into the control ports of 
the second stage, which is in the middle layer. 
The output ports of the second stage, in turn, 
feed into the control ports of the third stage, 
which is in the lower layer. The external con
nections to this modular three-stage power 
amplifier are the two input ports to the fi'rst 
stage, the two output ports from the last 
stage, and the connection to a source of 
pneumatic pressure. These five ports could 
be brought out as tubes on the same side of 
the cube so that the unit could be a plug-in 
power-amplifier module. This laminar con
struction of fluid-interaction devices opens 
the prospect for fabrication of the lamina at 
a very low production cost. For example, it is 
possible to make the lamina by pressure
injection molding of plastic, the way plastic 
toys are made. 

The following table summarizes some of 
the advantages and disadvanatges of fluid
interaction devices: 

---~--~--
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Advantages 

High environmental tolerance 
Very long service life 
Unlimited shelf life 
High density packaging 
Low production cost 
Driving medium readily available 
Explosion proof 

The devices have considerable advantages 
in the area of environmental tolerance, long 
service and shelf life, high-density packaging, 
and low production costs. On the side of dis
advantages, careful design of fluid-interac
tion stages is required at t he present time. 
Fluid-interaction stages can be plagued by 
parasitic oscillations, and the problems of 
aerodynamic noise cannot be neglected. The 
advantages of fluid-interaction devices are so 
attractive, however, that further develop
ment is anticipated to continue in this field. 

CONTROL SYSTEMS 
As shown in figures V-I and V-23, the con

trol system or control loop consists of the 
sensor, the information manipulating or cal
culating equipment, the actuator, and the 
process. Information from the process is fed 
back to the sensor to close the loop. These 
closed-loop configurations are commonly 
called servomechanisms or servos. 

Servo Theory 
In the closed-loop configuration, the system 

can take on characteristics that could not 
have been easily predicted by someone know
ing the characteristics of the components that 
compose the loop. In fact, one thing that 
probably is the most impressive to those who 
have had only occasional experience with 
closed loops is the fact that servomechanisms 
can malfunction in very extraordinary ways. 
One of the most common types of malfunc
tion is oscillation, and there are a number of 
words that describe the different types of 
oscillations, such as diverging oscillation, 

Disad van tages 

Careful design required 
Limited range of adiustability 
Low signal-to-noise ratio 

lower response than electronics 
Wasteful of driving medium 

marginal stability converging oscillation, etc. 
Because of this situation, the field of servo 
theory or closed-loop control theory has 
grown. Most of the development of this field 
has taken place during and after World War 
II. By the use of the servo theory and some 
specialized equipment, it is now possible to 
design control systems that work properly on 
the first try. In fact, it is possible now to de
sign control systems for processes that are 
only on the drawing board. 

This presents an interesting contrast to the 
1930's where automatic controls were rarely 
used even to operate something like a chem
ical plant. Later partial automatic control 
was incorporated. The plant came first and 
the controls were adapted to it. This did not 
always produce the optimum combination. 
If a few well-selected changes had been in
corporated into the design of the plant, as 
could have been disclosed by a proper servo 
analysis, the result would have been more 
controllable. 

Analog Computers 

A tool that is being used extensively by the 
modern controls engineer is the analog com
puter. The servo theory that was mentioned 
before makes it possible to handle many con
trol-system designs by pencil and paper anal
ysis, but th€ use of the analytical approach 
becomes difficult for systems that exhibit 
non ideal behavior like backlash or stiction. 
Also, for multiloop systems where many loops 
like the one shown in figure V -23 are inter
connected and interact with each other, the 
analytical approach finally becomes too 
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laborious. At this point, the use of the ana
log computer comes into its own. 

Analog computers have found widespread 
applications in the aerospace effort. The 
name analog computer is derived from the 
fact that if two quantities are similar o'r 
analogous to each other, they are called ana
logs. An example of this is a topographical 
map of the United States. This is a small 
analog of the actual physical topography of 
the countryside. It has a scale factor such as 
1 inch equals 50 miles, which explains the 
relation of the analog to the real thing. In a 
similar fashion, analog computers are used to 
build models of physical systems. For ex
ample, the flight of an airplane can be simu
lated on an analog computer so the voltages 
in the computer behave just as the airplane 
would. In this case, voltages in the computer 
are made analogs of physical quantities such 
as speed, altitude, and angle of attack. In 
the case of altitude, the scale factor might be 
1 volt equals 1000 feet. 

The science of analog computers has de
veloped largely within the last 15 years. The 
first analog computer at Lewis was purchased 
in 1948. It was one of the first in the country. 
The improvements that have been made in 
analog computers since then are so vast that 
the 1948 model computers have become com
pletely obsolete. Present-day analog com
puters are being used to solve problems where 
the solution is a time-varying quantity. Some 
examples of these problems are the evapora
tion of propellants after injection in a chem
ical rocket engine or the time history of start
up of a nuclear-rocket engine. These types of 
problems are of a complexity to utilize a l;trge 
quantity of analog computer equipment. They 
could not be solved by hand calculations and 
do not readily adapt to digital computer solu
tion. With the use of the analog computer in 
these applications, a prediction of the be
havior of a future propulsion system like a 
nuclear rocket can be made years before its 
first actual flight. In fact, it can be said that, 
previous to actual flight of any of our present
day aircraft or missiles, enough analog com-

puter simulation was done to give good pre
diction of their in-flight behavior. It is 
worthy of note that the analog computer is 
not strictly an aerospace tool. Its use in many 
industrial applications is now becoming more 
feasible. A recent development that is mak
ing this possible is the simplification of large 
computer consoles into small transistorized 
desk-top versions. These are much less ex
pensive and do not require the special air
conditioned installations required by the 
large computers. This area of transistorized 
analog computers has developed within the 
last 3 years. It holds the prospect for many 
interesting applications. 

An interesting example of the use of ana
log computers to solve control-system prob
lems is in the case of the nuclear-rocket 
engine_ The operation of this engine can be 
illustrated by the use of figure V-16. Liquid 
hydrogen, under pressure, flows out of the 
supply tank through the turbopump. It is 
pumped up to the high pressure and flows 
into the regeneratively cooled expansion noz
zle. It passes over the outside of the engine 
and then flows through the hot reactor core. 
It then is ejected from the expansion nozzle 
and produces thrust. A small quantity of high
temperature hydrogen, as it comes out of the 
reactor core, is ducted into the turbine to 
drive the pump. For control of this engine, 
it is necessary to control the flow of liquid 
hydrogen to the engine, and it is also neces
sa:ry to control the power generated in the 
reactor core. These two parameters, flow 
rate and reactor power, are controlled by two 
control loops; these are closed-loop control 
sy,stems. This is an example of the design of 
a control system where quick response and 
stable operations are required. It is a control 
that is more complicated than can be easily 
handled with pencil and paper analysis. 

How the analog computer is used to solve 
the design of a control system for this nuclear 
rocket can be explained as follows: First, the 
system characteristics are simulated on the 
computer. In other words, one part of the 
computer is patched together so that it be-
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haves as the system would behave. After this 
is done, it would be possible to try to operate 
the rocket without any kind of control. In this 
case, it might run away or explode. If this 
happens on the analog computer, no harm is 
done; the computer is protected against run
away conditions. The rocket can be restored 
and operation can resume. Next, another part 
of the computer is patched together so that 
it behaves as a controller. The controller and 
nuclear rocket are mated to determine how 
well-behaved the closed-loop system really is. 
It is possible to tryout different control 
schemes to find the one that is the best 
adapted to the requirements of this rocket 
engine. 

The most important point about the pre
vious discussion is that it is necessary to do 
this analysis before the actual flight of a 
nuclear-rocket missile. The nuclear rocket 

VENOUS 
RETURN~ 

FIGURE V-27.- Normal circulatory system. 

cannot frequently be run on the ground be
cause of the hazards and the expense in
volved. It is therefore necessary to simulate 
the major parts of the system beforehand to 
learn how well the system will behave when 
it is operated. This technique of defining a 
control system is called breadboarding a con
trol system. In the breadboard approach to 
designing control systems, the analog com
puter is used as a control, and it is allowed to 
run some of the actual hardware of the sys
tem. Several control schemes can be patched 
into the computer, and this computer can be 
used to control the real process. At Lewis 
this principle of control has been used to run 
aircraft engines. Turbojet engines and ram
jet engines have been run with analog com
puter control systems. After the control re
qui'rements were more closely defined by this 
technique, the control could be miniaturized 
into a smaller box that was called a proto
type. This prototype can still be somewhat 
experimental, but ultimately it is miniatur
ized into a flight-weight version. 

Artificial Heart 

An example of the advantage of bread
boarding a control system was recently dem
onstrated by NASA Lewis engineers in a 
project to control an aJrtificial heart. This 
medical engineering project was conducted 
in cooperation with the Cleveland Clinic. In 
this case, the variable to be controlled was 
not hydrogen gas flowing through a nuclear 
engine but blood flowing through a circula
tory system that was connected to an artifi
cial heart. The function of a normal circu
latory system can be explained by use of 
figure V-27. The path of the flow of blood 
around the circulatory system can be traced. 
Return flow from the body is ducted to the 
venous return and into the right heart. It is 
pumped out of the right atrium and right 
ventricle to the pulmonary artery, passes 
through the lungs, is oxygenated, and is 
ducted to the left heart. It is then pumped 
~ut of the left atrium and ventricle into the 
aorta and circulates through the body. 

-, 
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Finally, it is returned through the veins to 
the right heart and starts the circuit again . 

Where the heart has become diseased, the 
medical people would like to replace it with 
an artificial heart pump. A circulatory sys
tem connected to two artificial heart pumps 
is shown in figure V -28. The normal heart 
has been replaced by two pumps. For con
venience, the functions of the left and right 
heart have been separated. The right artificial 
heart now performs the same function as the 
right half of the normal heart, and the left 
artificial heart performs for the left normal 
heart. These heart pumps are really light
weight plastic bags equipped with artificial 
valves. When pneumatic pressure is ducted 
to one of the pumps, the air pocket expands 
and forces blood out of the artificial ven
tricle or blood chamber. The artificial valves 
behave like check valves permitting unidirec
tional flow of blood. Carefully controlled 
pneumatic pressure to actuate the pumps is 
ducted in through small diameter plastic 
tubes from our control system. 

It should not be concluded that NASA 
Lewis is building these heart pumps or con
ducting this type of artificial heart research. 
This project is being done at the Cleveland 
Clinic, but they are using some of the Lewis 
control system know-how drawn from aero
space technology. Also, it should not be con
cluded that this artificial heart system is fully 
developed and ready for use. Its exact status 
will become more apparent as the discussion 
proceeds. 

Figure V -29 shows these two plastic 
pumps after being connected to a circulatory 
system of a calf. The plastic bag pumps are 
made of silicone rubber reinforced with 
woven Dacron. 

A point that should be made in any discus
sion of an artificial-heart system is that it 
should not be confused with the heart-lung 
machine. There are some important differ
ences. This is a pump, not a pump-oxy
genator combination. It is intended for per
manent heart replacement, not a temporary 
bypass as in the case of the hear t-lung ma-

chine. Also, it is not to be used external to 
the body, but it is an in-the-chest artificial 
heart. 

The fact that this system is for permanent 
heart replacement makes the control prob
lem more exacting. Simply to pulsate the 
pneumatic pressure in the pumps by use of an 
on-off valve connected to a source of constant 
pressure was not sufficient. This would cause 
pumping, but just to pump in this simple 
fashion was not sufficient. In trying out 
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FIGURE V-28.- Circulatory system driven by pneumatic 
artifical hearts. 

FIGUHE V- 29.-Two plastic heart pumps in chest of calf. 
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PRESSURE 

F IGURE V-30.-Pumping pressure of heart . 

such a scheme, it was found that the expe
rimental animals did not survive for more 
than 6 or 8 hours. This is why it was neces
sary to go to a more flexible system with the 
ability to control the nature of the heartbeat 
by adjusting a few knobs. Figure V-30 shows 
an idealized representation of the pressure 
in the ventricle of a heart. The pressure rises 
rapidly to a positive value and drops back to 
atmospheric pressure. This first phase of the 
heartbeat is called the systole. After systole, 
the pressure drops below atmospheric pres
sure to create a slight suction. This second 
phase of the heartbeat is called diastole. For 
control of a pneumatic heart pump something 
is needed that will permit adjustment of the 
amplitude of the pressure excursion and the 
period. By adjusting the period, it is pos
sible to adjust the frequency of beating or 
the pulse rate. It is also necessary to be able 
to adjust the waveform of the pressure pulse. 
Thus, a sharp high peak or low broad peak 
in pressure during systole can be obtained. 
In this way it is possible to try physiologic 
waveforms of pressure or something that is 
more experimental. 

A breadboard control system was used to 
do this job. It was built from analog-com
puter-type equipment and designed to pro
vide the maximum degree of adjustability. 
A block diagram representation of the arti
ficial-heart control system is shown in figure 
V-31. A function generator receives instruc
tions so far as desired pulse rate and the de
sired waveforms for the left and the right 
hearts. The two output voltages from this 
function generator are fed to two pressure 
servos. These output voltages are indicative 

of the waveforms of desired left and right 
heart pumping action. The pressure servos 
translate the volt ages they receive into cor
responding pneumatic pressures, which are 
sent to the two heart pumps. The system has 
several internal feedbacks so that it corrects 
itself for varying conditions in the circula
tory system. The actual control system that 
was built by using these principles is shown 
in figure V -32. The engineer shown in the 
figure is adjusting some of the controls that 
are used to set up the waveform of pressure 
that is fed to one of the hearts. Figure V -33 
shows how this equipment is used in an oper
ating room where a survival experiment is 
being conducted. The animal shown has had 
his normal heart replaced by two artificial 
hearts. 

Numerous survival-type experiments with 
animals have been conducted at the Cleve
land Clinic with this equipment. Current 
experiments are being done with calves. 

DESIRED LEfT 
WAVEFORM 
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I 
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F IGURE V-31.-Cont rol system-overall block diagram. 
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FIGURE V-32.-NASA art ificial heart control system in 
use at Cleveland Clinic. 
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FIGURE V-33.-NASA artificial heart control system being 
employed in heart replacement experiment at Cleveland 
Clinic. 

With the use of this equipment, the longest 
survivals on record have been achieved with 
animals that have had their hearts replaced 
by plastic pumps. In the past, numerous 
kinds of artificial-heart devices have been 
tried, but this system with pneumatic hearts 
and a feedback control system seems to work 
the best. Typical survival times of the order 
of 24 to 30 hours have been achieved. 

Supervisory or Automation Systems 

It is now appropriate to leave the field of 
automatic control of such devices as the 
nuclear rocket and move to a grander sub
ject, that of supervisory control or automa
tion systems. This is control of systems 
where a variety of decisions are possible and 
must be made by the control system. These 
supervisory controls incorporate all of the 
components that have been discussed pre
viously-sensors, information-processing de
vices, actuators, and closed-loop controls. 

One type of supervisory control system 
that has been placed into effect in several 
locations around this country is the automa
tic dispatching of electric power in electric 
powerplants, which are part of large dis
tributing networks. This economic dispatch 
of power is governed by the time of the day, 
the day of the week, the season of the year, 

the actual load on several stations of a single 
complex power system, and the generating 
capacity of each of those stations. As many 
as a dOZien stations might be tied together by 
a single automatic dispatching computer. 

Another example of a supervisory system 
is computer checkout of one of the data sys
tems here at Lewis. A computer has recently 
been installed the function of which is to 
check the operation of the information han
dling system. This computer will determine 
the condition of everything in the system, 
other than the computer itself, that is being 
used for the analysis. This includes such 
items as continuity of electrical lines, proper 
electric supply to the sensors, and the proper 
functioning of the electronics in the data 
assembly area. The computer performs this 
check on 300 channels, that is, on 300 sen
sors, in a fraction of a second and tells the 
operator which measurements are not satis
factory. While the measurements are being 
recorded, the computer can determine 
whether each sensor output is within satis
factory limits. 

An example of a supervisory or automa
tion system that is involved in the daily lives 
of individuals is a self-correcting traffic con
trol system. Figure V -34 shows the console 

FIGURE V-34.- Traffic control computer used in Buffalo, 
New York. (Courtesy Railway Signal Co.) 
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of such a system. It is being used to control 
traffic-light timing along the main thorough
fare in Buffalo, New York. A map of the 
street with the locations of the traffic lights 
is shown above the console. 

This system is different from a simple pre
programed system that merely adjusts stop
light timing according to the time of day and 
the day of the week. In this case, sensors look 
down on the traffic lanes to determine the 
percentage of lane occupancy for ~ach lane. 
If the lane is jammed with bumper-to-bumper 
traffic, the lane occupancy number becomes 
100 percent. This information, together with 
numbers that tell th~ direction of major 
traffic flow, inbound or outbound from the 
city, is fed to a computer and to recorders. 
In this case, the computer is an analog type. 
This computer then directs the traffic lights 
both in cycle length, that is, the time between 
each green light, and in offset, that is, the 
ratio of red to green duration. The charac
teristics of this traffic-control systems permit 
continuous readjustment of traffic lights to 
meet changing demands. Thus, traffic loads 
can efficiently be moved inbound or outbound 
from the city. Such a traffic-control system 
will not be "surprised" by an unexpected 
event; instead, it will automatically com
pensate for a traffic burden like the termina
tion of a holiday parade or a stalled vehicle. 

An example of a supervisory system that 
is space related is one that can automatically 
perform the countdown operation of a missile 
system. In the countdown procedure for mis
siles in the past, most of this work was done 
by a team of human operators who make the 
decisions one at a time concerning whether 
or not the missile is ready for launch. The 
checkout of present day missile systems, how
ever, is becoming so complicated that a 
human operator or a number of human oper
ators cannot perform the necessary jobs in 
the time allowed. Because of this situation, 
an automatic checkout and acceptance system 
is now being built for NASA that can auto
matically perform the checkout of the Apollo 
space vehicle. This is a computing system 
that has a schedule built into it of all the 

conditions that must be met prior to launch 
of the vehicle. The computer checks through 
these items in sequence making quick calcula
tions and comparisons as it goes. It sum
marizes these calculations and presents them 
visually to a human operator. In each step 
of the countdown the machine can make a de
cision whether to continue the countdown or 
whether to proced to alternative checks be
fore continuing the countdown. An advan
tage of such an automatic system is that the 
complete countdown can be performed more 
quickly. The machine is able to back up its 
decisions with more thorough calculations, 
thus making its decisions more objectively 
than the human operator can. The major 
decisions, howev·er, that would involve knowl
edge not built into the computer, or judg
ment that is felt the computer is not capable 
of making, are left to the human operator. 

CONCLUDING STATEMENTS 
Systems Engineering 

It would be appropriate to distinguish be
tween advanced measurement problems and 
the routine measurement problems that con
stitute the majority of industrial needs. In 
advanced measurements, generally, the sen
sor is the device that requires most develop
ment for the solution of the problem. In the 
great majority of routine applications in in
dustry and in research, however, there al
ready exists a wealth of sensing devices that 
could be applied to any given measurement 
problem, provided that these devices are 
properly chosen and properly used by qual
ified and experienced engineers. In other 
words, the tools generally do exist; men must 
learn how to choose the proper ones and how 
to use them correctly. 

Manpower Requirements 

In any discussion of systems engineering, 
it should also be pointed out that there is a 
need for a great number of qualified people 
of two types. On one hand are the instru
ment engineers who have a good systems 
knowledge of what the problem truly is as 
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well as a knowledge of the capability of parts 
that are available to do the various aspects of 
the job. After the system has been built, 
there is a need on the other hand for people 
who might be called technologists. These 
technologists can skillfully operate and main
tain the type of equipment that has just been 
described. They occupy a position between 
that of the professional engineer and that of 
the journeyman trades worker. They would 
have a training similar to that provided by 
some of the better technical institutes in the 
country. 

Consumer Products 
In the preceding discussion, instrumenta

tion and control equipment has been men
tioned both on the basis of the opportunities 
for using it to do something better than be
fore and the opportunity for making it to be 
used by others who, in turn, want to use it 
to do something better than before. In this 
latter category, the increased use of auto
matic equipment in consumer products should 
be mentioned. Thirty years has produced a 
dramatic change in this area. At that time, 
most homes had little automatic equipment. 
Today, most homes employ closed-loop con
trol of room temperature and of the tempera
tures of appliances like refrigerators, ovens, 
and clothes dryers. Timers are used to turn 
these same appliances off and on automat
ically. This use of automatic equipment, 
simple as it is, in the home has made a 
revolution in the daily activities of the house
wife, but this is just a beginning. 

It was indicated previously that control of 
traffic lights can be timed automatically. It 
was also indicated that when something be
comes too difficult to be done by a human 
operator, like the countdown of a missile 
system, a computer can be made to perform 
this same function more quickly and effec
tively. In a similar fashion, some of the 
things that individuals are asked to do in 
modern living are beginning to exceed the 

capabilities of the human. One example of 
this is dTiving an automobile. The traffic 
death toll over the 1964 Memorial Day week
end of 360 seems to prove this point. Many 
of t hose persons died because drivers en
countered situations where their native sens
ing, calculating, and actuating equipment 
was not really fast enough for the occasion. 
The highway safety people indicate that 
the solution to the problem is in better driver 
training. This, of COUTse, cannot be dis
counted. Another solution to the problem 
that perhaps holds the prospect for more 
dramatic improvement is in the area of the 
topics discussed in this paper, namely, sen
sors, computers, and servomechanisms, that 
is, the use of automatic equipment to drive 
the automobile. 

Adaptation of automatic devices to the 
automobile has already started. We have 
power steering, power brakes, and automatic 
transmissions. These are primarily the ac
tuating end of the control system. They can 
manipulate the automobile but they cannot 
make the necessary observations or issue the 
necessary commands. Thus, what is required 
is only to develop the sensors and computers 
to go along with these actuators. Many of 
these sensors and computers are, in fact, 
within the state of the art. 

It was mentioned that automatic devices in 
the home have revolutionized life for the 
housewife; similarly, automatic devices may 
some day revolutionize life for the auto
mobile driver. 

Summary 

In preparing material for this paper, the 
authors were impressed by the wealth of in
strument t echnology now available, by the 
vigoTous growth of the instrument and con
trol industry, by the opportunities for new 
development, by the growing importance of 
instrumentation to our soeiety, and by the 
prospects for a greater growth of this in
dustry in the future. 
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VI. Information Sources 

JAMES J. MODARELLI 

Lewis Resear·ch Center 

ATREMENDOUS AMOUNT of technical infor
mation results from NASA activities. How
ever, the gathering of technical information, 
or to rephrase it, the effort to increase our 
sphere of knowledge, is an incomplete thing 
in itself. This knowledge, recognized as a 
critical national resource, is not useful unless 
it is reported, announced, and shared. After 
the information is made available, it is hoped 
that the material will be understood and 
used. 

Consider the various methods utilized for 
reporting information. These methods in
clude conferences, seminars, technical so
ciety meetings, exhibits, motion pictures, and 
most important, the technical publications. 

The material published in the technical 
publications can be broadly divided into two 
major areas: first, the documents prepared 
under the auspices of an organization and, 
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FIGURE VI-I.-NASA technical reports. 

second, those primarily reported in the tech
nical society journals. 

The organization or in-house generated re
ports issued by NASA are of a rather wide 
variety of types (fig. VI-I) : Technical Mem
orandums, Technical Notes, Technical Re
ports, Technical Translations, and Special 
Publications. Each serves a specific function 
in the dissemination of technical information. 
They range from quick reports on raw data 
to incremental progress reports, state-of-the
art reports, translations of foreign literature, 
and the Special Publications, which are, in 
part, directed towards technology utilization. 

For example, some typical documents in the 
Special Publications group are pictured in 
figure VI-2. They vary from major project 
summaries to handbooks and bibliographies. 
Of special concern is the SP-5000 series, 
which is devoted to formal pUblications on 

FIGURE VI-2.-NASA special publication series. 
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FIGURE VI-3.-Technology utilization publications. 

FIGURE VI- 4.- NASA contractor reports. 

technology utilization for distribution to 
business and industry. In this area, an effort 
has been made to eliminate the complex 
mathematical equations and data figures and 
to describe the subject in terms of industrial 
application. Typically, a fabrication tech
nique is emphasized rather than the aero
space problem and its solution. 

Illustrated in figure VI-3 are two more 
examples of the technology utilization SP-
5000 series. In addition, one- or two-page 
announcements called NASA Tech Briefs are 
published. These are simply flyers that are 
distributed free to acquaint industry with a 
potential innovation resulting from a NASA 
project. 

There is one other group of NASA reports 
that are different in that they are not written 
by NASA authors; however, they are moni
tored by NASA and are under NASA man-

F IGURE VI-5.-NASA reprints. 

agement. This group is composed of the Con
tractor Reports (see fig. VI-4). It is in
teresting to note that 90 percent of NASA's 
$5 billion plus budget this year is being spent 
on research and development contracts. Re
search and development imply activities in 
new, unexplored areas, and NASA contrac
tors in many cases must conduct research and 
experimental tests before they can proceed 
with the design and fabrication of hardware. 
This new information is typical of the content 
in the Contractor Report series. 

NASA authors are quite active in submit
ting journal articles and participating in 
conferences and symposiums supported by 
the various technical societies. In most in
stances, the society publishes the papers in 
its journal. In these cases, NASA pur
chases reprints from the original publisher 
for subsequent distribution in response to 
individual requests. This type, called RP's, 
or Reprints, is the last type of NASA report 
(fig. VI-5). The reprints a:re purchased to 
avoid the expense of dual publication and to 
assist the technical society. 

So much for the reporting of technical 
information. Writing and publishing these 
documents, which represent a major portion 
of NASA's end product, are only part of the 
job. The potential user must become aware 
that a new report in his specific area of in
terest is available. NASA employs two digest 
or absbract compilations for announcing new 
technical literature. Basically, one covers 
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the organization literature and the other, 
journal literature, both national and inter
national. The common requirement is that 
the material fall into the broad subject of 
aerospace. Both publications consist of ab
stracts of aerospace material in 34 principal 
categories and include pertinent information 
to easily identify and obtain any of the 
documents listed. 

The first of the abstract publications and 
the one covering organization literature is 
Scientific and Technical Aerospace Reports 
or "STAR" (fig. VI-6). It is a semimonthly 
pUblication that announces abstracts of all 
NASA reports as well as other national and 
international documents associated with 
aerospace activities. While the number of 
reports abstracted and r€ported in STAR 
varies from issue to issue, a typical copy 
might list over 800 items from the following 
contributors: about 100 from NASA Head
quarters and its 10 field installations, 50 from 
NASA's contractors, and perhaps 15 from 
NASA's grants to Universities; about 100 

FIGURE VI--{j.-NASA abstract journal. 

F IGURE \"I- 7.-STAR. 

from other Government agencies including 
the military, their contractors, and Uni
versity grants; about 50 from Universities; 
about 100 from industries associated with 
aerospace; and perhaps 400 foreign transla
tions from a score of countries. Figure VI-7 
is a typical subject index page from STAR. 
As mentiond earlier, an effort has b€en made 
to include as much information as possible 
on each item, including the price if appro
priate. The price shown is $2.50 for a full
size (lIO-page) document. Later this year 
it is hoped that you will be able to purchase 
a microfilm at a cost under $1.00. 

The second abstract document, devoted 
primarily to journal literature, is called In
ternational Aerospace Abstracts (fig. VI-8). 
It is published semimonthly under NASA 
contract by the American Institute of Aero
nautics and Astronautics. It includes ab
stracts of books, technical journal articles, 
and technical society presentations, both na
tional and international. Here again the 
total number of articles abstracted will vary 
from issue to issue. A typical copy might 
contain abstracts from over 300 journal ar
ticles, 80 society presentations, and over 300 
papers and journal articles from foreign 
authors. 

This discussion, thus far, has covered the 
reporting of the technical literature and the 
announcement methods. How is this infor
mation shared? How are the reports ob
tained? 
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FIGU nE YI-S.- IAA abstract journal. 

STAR (fig. VI-9) is issued semimonthly 
and may be purchased from the Superintend
ent of Documents for $25.00 per year. The 
public may purchase NASA documents listed 
in STAR from either of two sales agencies, 
as specifically identified in the abstract sec
tion. Documents not originated by NASA 
may be obtained by writing to the originat
ing source or to the other information sys
tems. Documents not originated by NASA 
are abstracted only as a service. NASA is 
vitally interested in keeping its personnel 
and STAR recipients aware of recent aero
space literature, but obviously cannot assume 
the burden of making available copies of 
non-NASA documents. 

International Aerospace Abstracts (IAA), 
also issued semimonthly, may be purchased 
for $25.00 per year from the IAA subscrip
tion office in New York City (fig. VI- IO). 
Items listed may be obtained from them for 
the reproduction service charge. STAR and 
IAA abstract journals utilize the same ar
rangement of abstracts and the same index
ing system. In essence, these journals are 
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FIGUnE VI-9.- Purchase of STAR. 

standardized on treatment and complement 
each other. Combined, they announce the 
bulk of the current aerospace technical litera
ture. 

Unlike NASA reports, which are ab
stracted in STAR, NASA Tech Briefs are 
not abstracted in either STAR or IAA, but 
a company can be placed on the automatic 
distribution list for free copi-es through the 
NASA Technology Utilization Division in 
Washington. 

As mentioned earlier, the avalanche of 
technical literature has created many prob
lems in handling and distribution. One in
novation that promises to relieve some of the 
problems is microfilm, or more accurately, 
microfiche. 

Figure VI-ll is a view of the negative film, 
which can accommodate a document up to 60 
pages, along with the equipment that en
larges the individual page for viewing. 

NASA is planning through the Office of 
Technical Services, Department of Com
merce, in the near future to provide the user 
with the option of requesting either the 
actual document or the microfiche, since full
size copies can be made from the film at a 
reasonable cost. 

At the Lewis Research Center Library, 
the microfiche has been used to some extent. 
It has been found in many instances that the 
requester may want full-size reproductions 
of only a few pages rather than the complete 
document. Also after vi-ewing the report, he 
may find it unnecessary or unrelated for his 
use. 
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and Space Administration. 
By special arrangement hetween ASA and the Am

~rtcan In,u\utc. ot AcronautiC~ and Astronautics, tAA is 
I"ued 10 coonllO.tion with the twice-monthly ,chedule of 

TAR. "hlch appea" on the Rth and :!3rd of each monlh . 
IAA and ST~R UliliLe hoth identical ,ubject categoric, 

and IOdexe,. "hlch are described below. 
Thu, Ihe tw 0 ,ervice' provide comprehen,ive access to 

the national and international unci as ified report amI pub
I"hcd literature of current ,ignitic.nce to aerospace science 

and lechnology. 
AI rangcmcnt of the Semimonthly 1 ,ues 

IAA " arranged In twO major section,: 
II) An'traCh Section. This section contain, complete 

bibliographic citallOns with informative ab'tract'. 

IOdex. 
Information regardms SCIE TIFIC AND TECH IC-

AL AEROSPACE REPORTS and the availabiltlY of I 
TER ATIONAL AEROSPACE ABSTRACTS to organi
zations having contractual arrangement' wi th ASA may 
be obtained from Ihe follo,dng addreSS: 

ational Aeronautics and Space Admini'tralto
n 

Scientific and Technical Information Divi,ion 

Attention : Code AFSS-A 
Washington . D,C. 20546 

Ab,tract' of published lit.ratllre In the field of aerO
p. c medicine arc provided. for the mo't part. by .the 

Aero,pace Medicine and Biology Bibliography Seell
on

. 
Science and Technology Dlvi,ion. Ltbrar) of Cong

re
". 

l~RN~TIONA:-L AE~OSPACE ABSTRACTS j published semimonthly by the T echnical (n[o'

ma~lO~ Service, Amer:'ca.n inslttu!e of Aeronautics and Astronautics, Inc., at PhiUipsburg. N. 1-
E(hlOTlal and ubscrtptlon Offices: 750 Third A,'enue, ;o.; cw York, N. Y. 10017 
Telephone 212-T ' -7-8300 TWX: 212-867-7265 

SUBSCRIPTION INFORMATION. Semimonthly issue;: United StatL'S and Possessions, I year, $25 po'tpa id ; fOlcig" countries, I )'ear. $33 p,,,t-

paid. Cumulative Index Volumes: "ited Stale and posscs.ions, I )ear. $25 postpaid; foreign Countries, I )'ea l , 

$33 po tpaid. &.od<'~ ""U", p,;d .. 'h;1l;"b"" ,J. CoW;,'" © "" by ".0 .",,;ao '0";"" .r .,roo"';" 

and Astronaulics, Jnc. 

FIGURE VI-lO.-Purchase of IAA 

F IGURE VIII - .-Microfiche program. 
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An additional item that may be of interest 
is the availability of technical literature in 
public libraries and depositories. Locally, 
selected series of NASA reports are in the 
collections of the Cleveland Public Library, 
Case Institute of Technology, Fenn College, 
and Western Reserve University and are 
available for r,eference use. 

Twelve universities and libr3iries in the 
United States have been selected as Regional 
Technical Report Centers to make widely 
available the unclassified results of federally 
sponsored research and development. An in
teresting note is that less than 2 percent of 
last year's NASA authored reports were 

classified. Three agencies, AEC, NASA, and 
the Department of Defense, produce an esti
mated 90 percent of the government's un
classified technical reports and are supplying 
copies for deposit in each of these 12 centers. 
The depositories can provide you with refer
ence services, interlibrary loan, photocopy 
service, and assistance in obtaining retention 
copies. 

The depository serving Ohio, Kentucky, 
West Virginia, and Pennsylvania is the Car
negie Library in Pittsburgh. The John Crerar 
Libr,ary in Chicago serves Michigan, Illinois, 
Indiana, Minnesota, and Wisconsin. 

_J 
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A piezoelectric momentum detector developed for micrometeoroid research is sufficiently sensitive to measure the heart
beat of a chick embryo. This adaptation assists research on drugs and vaccines. 
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Fluid interaction devices having no moving parts and operating by the controlled interaction of moving gas or liquid 
streams are displayed . This new field of technology can be viewed as analogous to electronics-with fluid flow in place 
of electron flow-and t he devices displayed show a similarity in fun ction and nomenclature: counter (500 parts counted 
per second), shift register, diverting valve, rate gyro, shaft encoder. 

Displayed here are a num ber 01 parts and assemblies selected to demonstrate the versatility of certain of the newer fabrica-
tion techniques and equipment: magnetic forming, electron beam welding, electric discharge machining ____ __ . 
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Artificial heart research at the Cleveland Clinic is benefiting from aerospace technology applied to the design and build
ing of an electronic control system to provide a predetermined heart pulse pattern. 
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CJ ~. 1 

1\ JOT I ( I 

Instrumentation required for physiological monitoring of astronauts in flight has shown possible application to remote 
monitoring of hospital patients. Displayed is an FM transmitter, smaller than a 25-cent coin, including battery and 
antenna. It senses and transmits the millivolt electrical signal from the nerve pulse preceding heart contraction. 

A display of noncontact shaft seals technology demonstrates the principle of sealing by forces induced in the fluid . Models 
shows application to liquid metal systems (second from left) and demonstrate three different types of seals. 

Lewis is the principal NASA field center for research and development in propulsion and electric power generation. This 
display briefly outlines Lewis propulsion work in a irbreathing engines, chemical rockets, electric and nuclear thrust devices. 
Advanced work in many scientific and engineering fields is required to accomplish both the propulsion and electric power 
generation responsibilities. 



156 CO FERENCE ON NEW TECHNOLOGY 

• The Honorable James E. Webb, Administrator of NASA, addresses an audience of industry and university executives on 
the evening of June 4, 1964. 
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